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Owing to their light emitting/receiving capability, III-V semiconductor 
materials like Indium Phosphide (InP) can be used to make optical MEMS devices, 
which find numerous applications in high speed networks, and the devices include 
variable attenuator, wave guides, vertical cavity surface emitting lasers (VCSEL), 
optical switches and filters. This dissertation covers some optimisation aspects in 
fabrication and identifying the major mechanical properties of InP based Micro-
Electro-Mechanical-System (MEMS) tunable vertical cavity devices. Better 
understanding of their major electrical, optical and mechanical properties and their 
behaviour is very significant to realize better designed devices. 
 The main emphasis of the work is on the characterization of the mechanical 
structural design and optimisation for release of free standing tunable distributed 
bragg reflector (DBR) based vertical cavity photonic devices. A variety of InP based 
Fabry-Perot optical filters based on the membrane shape and support orientation are 
presented and analysed. In this research work, efforts have been towards fabricating 
test cantilevers and Fabry Perot filter membranes and also on the study of major 
mechanical properties of InP through a series of tests using nanoindentation, 
interferometry and micro-Raman spectroscopy.  
The operating parameters in wet etching phase like the etching, freezing and 
the freeze drying timings are optimized to produce a successful free standing 
membrane and cantilever. Nanoindentation tests, which include static and dynamic 
modes, are carried out on InP free standing cantilevers and substrates to identify the 
Young’s modulus (E) and hardness (H). The stiffness change in cantilevers is also 
studied. These tests revealed the important mechanical properties and also the effect 
of non-linear stresses on the mechanical stability of the device. From a MEMS 
materials perspective, it is shown that InP has a better (H/E) ratio than silicon and 
proves to be a good contender.  
Micro-machined structures with in-plane residual stresses could result in a 
change in rigidity and out-of-plane deformations of a device. The distortion of a  
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 vi  
 
membrane due to residual stresses is known to create severe consequences on the 
performance of Micro-Opto-Electro-Mechanical systems (MOEMS) devices.  
Three dimensional profiles of four varieties of free-standing membranes are 
measured using white light interferometry technique. Based on the results, stress and 
strain gradients across the thickness of the supporting cantilevers and membranes are 
calculated and a novel optimized structure satisfying the optical and mechanical 
requirements of a Wavelength division multiplexing (WDM) is identified. It is shown 
that geometrical dimensions form a major constraint in design and successful 
fabrication of the MEMS devices. A criterion based on the geometrical dimensions 
and mechanical stability in optical MEMS design is established. 
In addition, micro-Raman spectroscopy tests are also carried out on the 
membranes to analyze their surface stress components. The compressive and tensile 
stresses on the surface of these membranes are measured and analyzed. The results 
agree with earlier identified stress and strain gradient patterns and enhance the design 
of a stress free membrane, which is incorporated as a Fabry Perot filter.  
The techniques of characterization discussed in this thesis have provided 
solutions in identifying important mechanical properties of free-standing InP based 
MEMS structures and help to overcome existing problems in the design of a robust 
optical MEMS device. This project also helps to identify a novel optical MEMS 
device with low residual stress and low surface profile deviation.  
A list of publications arising from this research project is shown in  
Appendix C. 
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1.1  Current telecom network technology  
 
Telecommunication networks form the primary channel of data transmission and 
the current network has traffic created by internet, voice, cable TV, fax and huge data 
transmission. Considering all diverse network technologies that would follow shortly in 
future, the bandwidth requirement becomes enormous. Appendix A contains information 
on the current estimate of internet usage statistics in the world [1]. The population 
penetration rates are an indication that the untapped demand is astounding. Especially in 
Asia, which accounts for 56% of the world’s population, has a penetration rate of just 
10.7% compared to 69% in North America. In fast growing economies like India and 
China, the user growth rate (2000-2007) is 700% and 510% respectively. Even a 
developed economy like Singapore has a user growth rate of 102% for the same period. 
The fiber optic telecom technology offers unlimited bandwidth potential and is widely 
considered as the ultimate solution to deliver all forms of broadband access. So fiber 
optic telecom technology and higher bandwidth equipments are bound to have a very 
high demand in future. 
The first fiber optic telecom system was installed in 1977 by AT&T and GTE 
(now Verizon Communications). The world of telecommunications is rapidly moving 
towards optic fibers from copper wire cables [2]. The approach of optical fiber 
communications has a significant advantage over the old wire system, the most important 
of which are: 
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 The data transmission capacity of fibers is very huge: a single fiber can carry 
hundreds of thousands of telephone channels even without nearly utilizing the full 
theoretical capacity.  
 The losses in fibers are quite small, about 0.2 dB/km for a single mode silica fiber, 
which means tens of kilometers can be bridged without amplifying the signals [3]. 
      However, though fiber systems offer sophistication and efficiency, they tend to be 
less economical. So local optical access networks such as Fiber-to-the-home (FTTH) are 
still in their early deployment stages [3 - 7]. Today, telecom service providers are facing 
a huge task of capacity enhancement in the networks due to the tremendous demand in 
transmission capabilities. 
            The issue can be addressed by installing more fiber networks, but it has been the 
least opted solution owing to its huge costs associated. Time division multiplexing is a 
technique where several optical signals are combined, transmitted together, and separated 
again based on different arrival times. But then the technique cannot handle the whopping 
growth of bandwidth increase and also requires high frequency devices and components. 
An alternative to this technique is wavelength division multiplexing (WDM), where the 
channels are distinguished by wavelength rather than by arrival time. Wavelength 
division multiplexing is a technique where optical signals with different wavelengths are 
combined, transmitted together, and separated again. It is mostly used for optical fiber 
communications to transmit data in several channels with slightly different wavelengths 
in order to increase the transmission capacities of fibers and make most efficient use of 
data transmission lines.  
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WDM also addresses the problems of handling higher data rate than what can be 
handled by sensors and receivers given the enormous available bandwidth (tens of THz) 
and the dispersion effect in the transmission fiber, by keeping the transmission rates of 
each channel at reasonably low levels (e.g. 10 Gbit/s) and combining many channels to 
achieve a high total transmission bandwidth [4]. Dense wavelength division multiplexing 
(DWDM) refers to the ability to support 8 or more wavelengths within a single band and 
for a large number of channels (e.g. 40 or 80) thus enabling the expansion of existing 
network capacity 80 times or more [8, 9]. The potential of DWDM has been very well 
demonstrated. Bell Labs have reported 2.56 Tbit/s (64 channels x 40Gbit/s) over 4000km 
[10], Alcatel and NEC have reported 10.2 Tbit/s (256 channels x 42.7Gbit/s) over 100km 
[11] and 10.92 Tbit/s (273 channels x 40Gbit/s) over 115km [12], respectively. 
 
1.2.  Optical components in a transmission network 
The bandwidth of the existing Synchronous Optical Network (SONET) and 
Asynchronous Transfer Mode (ATM) networks is extensively limited by electronic 
bottlenecks, and the first relieve came recently only by the introduction of WDM. Figure 
1.1 shows the block diagram of the WDM transmission system. The transmitter block 
consists of one or more single or tunable wavelength optical transmitters. They consist of 
a laser and a modulator with an optical filter for tuning purposes. If multiple optical 
transmitters are used, then a multiplexer (MUX) or coupler is needed to combine the 
signals from different laser transmitters onto a single fiber. The receiver block may 
consist of a tunable filter followed by a photo-detector receiver or a demultiplexers 
(DEMUX) followed by an array of photo-detectors. Amplifiers may be required in 
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various locations throughout the network to maintain the strength of optical signals. 
Optical filters find their applications in optical multiplexers and demultiplexers, optical 
add/drop multiplexers (OADM), WDM couplers and band splitters [13, 14]. They are 
also employed in gain equalization and dispersion compensation [15, 16]. Optical filters 
are applied in practically all of the components shown. Therefore they form one of the 
key devices in the control of light in optic communications technology. The widespread 
deployment WDM technology needs versatile, cost-effective, high performance optical 
devices and components. The key requirements of making precision micro-actuators 
which has very limited force capabilities and displacements in the order of a wavelength 
(few microns) provides a good match for the capabilities of micro-electro-mechanical 
system (MEMS) technology. This has emerged as one of the few technologies of choice 




                       Optic Fiber Cables                                      Optic Fiber Cables 
Figure 1.1 Block diagram of the WDM transmission system 
 
1.3  MEMS based optical devices 
MEMS devices are miniature structures fabricated using a process called micro 
machining. The structures generally range from a few hundred microns to millimeters in 
dimensions using standard semiconductor processing techniques. MEMS devices using 
III-V materials (direct bandgap materials) have their inherent advantage over 
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direct band gap materials based MEMS devices offer a number of material-related and 
technological advantages over silicon thus providing way for numerous applications 
especially in telecommunications area. Also, intrinsic material and physical properties of 
the III–V compound semiconductors such as piezoelectricity, optical bandgap, 
heterostructure-based quantum effect, make them favorite against silicon for the 
development of MOEMS. MEMS devices provide significant cost and performance 
advantages for optical networking applications in the area of optical filters, switching, 
variable attenuators, tunable lasers, and other devices [17]. Such an attention is due to the 
convergence of market needs for specific types of devices which can only be made 
possible through the use of MEMS technology, which play a crucial role in enabling 
these devices to be realized. The advantage of a MEMS approach is that extremely 
precise and low-loss optical connections may be made between different guided wave 
optical components. Also the costs increase less than linearly with the number of 
connections thus allow the creation of complex interconnects. The main advantage is that 
optical components may be combined with mechanisms to allow motion through 
mechanical or electrical actuation methods [19]. These devices are known as micro-opto-
electro-mechanical systems (MOEMS). These micro-actuators have very limited force 
capabilities, typically small displacements in the order of a wavelength [4]. MEMS based 
optical filters have distinctive features to meet the requirements in optical communication 
systems. Thermal and environmental stability, superior optical properties, modularity, 
actuation efficiency are a few to be named [7]. MOEMS based vertical cavity filters form 
the most interesting and significant designs.  
 Chapter one                                                                                                Introduction 
  
 6  
A vertical cavity device consists of an optical cavity sandwiched between two 
reflectors. An optical resonator stores energy or filters optical waves only at certain 
frequencies and wavelengths. The Fabry-Pérot etalon can be used as an optical resonator 
or filter. A Fabry-Pérot etalon is an optical interferometer in which an optical beam 
undergoes multiple reflections between two flat parallel reflecting surfaces and whose 
resulting optical transmission (or reflection) is periodic in frequency. The simplest 
etalons are known as the solid etalon consisting of an uncoated plane-parallel solid 
material in which the optical transmission is determined by the length between the 
parallel surfaces and the refractive index of the material. The combination of both the 
resonator and the reflecting function by appropriately stacking several etalons results in 
the formation of distributed Bragg reflector (DBR) filters. Tunability is typically 
achieved by varying the gap between a membrane and a bottom mirror in a resonant 
cavity configuration-Fabry-Perot filter. The actuation is generally induced by means of 
electrostatic force between the top and bottom electrodes.  
 Apart from vertical cavity optical filters [20-22], this can be applied in vertical 
cavity surface emitting lasers (VCSEL) [23, 24], vertical cavity semiconductor optical 
amplifiers (VCSOA) [25-27], vertical cavity optical detectors (VCOD) [27, 28], resonant 
(vertical) cavity light emitting diodes (RCLED) [29-31], and vertical cavity modulators 
[32]. The problems associated with realizing these devices are in identifying optimized 
process parameters in layer fabrication processes such as molecular beam epitaxy (MBE) 
and chemical vapour deposition (CVD) and in designing a structure which is durable, 
stable and devoid of many process related problems [33]. Residual stresses, scattering & 
insertion losses and out-of-plane deformations also adversely influence the device 
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behaviour. The study of residual stresses forms a major part of this study. Apart from the 
Fabry-Perot filter, such a configuration can also be used to develop varieties of gratings 
and interferometers [34-40]. Thus the III-V semiconductor based MEMS with horizontal 
design has a wide potential in the telecommunications area.  
 
1.4  Other potential applications 
Potential applications for these photonic devices range well beyond the 
telecommunications area. Apart from telecommunications, key sectors such as 
spectroscopy, environmental studies, medical diagnostics, chemical analysis, gas and 
liquid sensing, pathology studies, biomechanics and defense also use vertical cavity 
devices. Finally in astronomy, they are used to filter out chosen bands of light in search 
of particular elements [15, 41]. 
 
1.5 Objectives and scope of thesis 
      The main aim of this work was to identify the major mechanical properties of 
Micro-Electro-Mechanical-System (MEMS) based InP tunable vertical cavity photonic 
devices through systematic characterization methods and identify the optimized design 
based on geometrical and mechanical constraints. Figure 1.2 shows the free standing InP 
based vertical cavity photonic device and the research work covers the following goals: 
 To optimize the important fabrication parameters and obtain a free standing device. 
 To investigate and quantify the stress and strain gradient found in the optical filters 
and cantilevers and analyze the effect of geometrical configurations. 
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 To analyze and quantify residual stresses on the surface of the optical filters and 
verify an optimized design. 
 
                Support          suspension            membrane         Air-gap 
Figure 1.2. Structural set-up of a tunable vertical cavity optical filter structure supported by split beam type 
suspensions. The air cavity is situated between the membrane and the base substrate. 
 
Chapter 2 presents the fundamental principles of III-V semiconductors and the 
advent of optical MEMS. It also discusses about the key applications and industries 
catered. A comprehensive summary of various fabrication technologies involved, and the 
characterization methods adopted are presented. Various methods of actuation and the 
significant mechanical properties evolved from those tests are also shown. 
In chapter 3, the theory of the various characterization methods are presented. 
Insights in to measurement of important mechanical properties of InP based MEMS 
structures like micro-cantilevers and membranes are presented. Nanoindentation, 
interferometry and Raman spectroscopy are the methods used to characterize the MEMS 
structures.  
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Chapter 4 explains the experimental work carried out in this project. A detailed 
procedure of the fabrication technique is explained. This is followed by an introduction to 
characterization methods and equipment employed to analyze the devices. Details about 
the specimens and the experimental procedure are also presented.  
In chapter 5, the results from the mechanical characterization techniques involved 
in this research work are presented. Details in optimizing the important parameters of the 
fabrication technique are shown. Analysis of the mechanical properties of InP such as 
Young’s modulus and hardness are carried out. This includes nanoindentation tests on 
substrates and micro-cantilever beam. A spherical tip was used to analyze the bending 
properties of InP cantilever beam. This is followed by the profile measurement of the 
optical filter membranes using white light interferometry technique. The out-of-plane 
deflections of the membranes are analyzed to study its stress and strain gradients. The 
study ends with understanding the effect of dimensional configurations on the mechanical 
stability. Based on these mechanical considerations, a novel design is identified. In 
addition to that micro-Raman spectroscopy tests are also carried out on the membranes to 
analyze their surface stresses. Finally the chapter ends with confirming the better design 
which incorporates a low out of plane deflection and least stress values, which could be 
used as an optical MEMS device. 
Finally, chapter 6 concludes the thesis with the main findings and suggestions for 
future work in this field. 
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2.1  III-V semiconductor based micro-opto-electro-mechanical systems (MOEMS)  
Optical MEMS or MOEMS represents integrated systems of small size which 
could be used in single or in tandem with another system to emit or detect light and 
electric signals. The feature sizes are generally of micron dimensions, but sometimes 
even larger extending up to millimeters. More important than this "size" characterization, 
the unique feature of MEMS is the extent to which actuation, sensing, control, 
manipulation, and computation are integrated in the same system. The notion of 
integration is also inherent in the way MEMS are manufactured. The same applies to 
modeling and design. The field of MEMS represents an effort to radically transform the 
scale, performance and cost of many micro systems and provide with numerous 
applications. Silicon based micro-systems have reached a high level of sophistication and 
maturity, because of the well-established silicon microelectronics technology [42]. 
Micro-opto-electro-mechanical systems (MOEMS) devices or optical MEMS 
have recently shown great promise and exhibited increasingly fast growth which makes 
use of optically active materials like III-V semiconductors [43]. III-V semiconductors are 
compound semiconductors which are made of two or more elements. Common examples 
are GaAs or InP. These compound semiconductors belong to the III-V group because the 
first and second elements can be found in the group III and V of the periodic table 
respectively. In compound semiconductors, the difference in electro-negativity leads to a 
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combination of covalent and ionic bounding. Ternary semiconductors are formed by the 
addition of a small quantity of a third element to the mixture, for example Al x Ga 1-x As. 
Alloys of semiconductors in this way allow the energy gap and lattice spacing of the 
crystal to be chosen to suit the application. These materials are called direct bandgap 
materials as the minimum of the conduction band lies directly above the maximum of the 









Figure 2.1 Representation of conduction, energy and the valence band gap for metals, semiconductors and 
insulators. The energy gap of semiconductors is around 1eV. 
  Electrons at the conduction-band (minimum) combines directly with holes at the 
valence band (maximum), while conserving momentum which is emitted in the form of a 
photon of light. This is not possible in indirect bandgap semiconductors such as 
crystalline silicon [7, 44]. In this competitive context, III-V compound semiconductors 
(in particular, GaAs and InP-related materials), because of their light emitting capability 
offer a number of material-related and technological advantages over silicon thus 
providing way for numerous applications. The key area of application is 
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telecommunication. A wide range of components such as optical switches, filters, 
amplifiers, attenuators, interferometers, gratings and equalizers are realized with the help 
of MEMS technology based on III-V semiconductors [45]. The following sections 
provide a review of the fabrication and characterization of optical MEMS. 
 
2.2 III-V based MOEMS devices 
A good paper on III-V based MOEMS [42] stated on the mandatory use of direct 
band gap semiconductors to develop lasers, photodiodes and phototransistors. Also it 
clarified that all III-V semiconductor MOEMS devices reported so far are based on 
manipulation of optical interferences based on Fabry-Pérot resonator as shown in Fig. 2.2. 
 
Figure 2.2 Tunable multi-membrane vertical air cavity optical filter structure 
 Hence this resonator can form key component of many optical devices like filters, lasers, 
photodiodes and detectors. It also stated that the vertical cavity configuration can be 
adopted with highly sought wavelength tuning function, through micro-mechanical 
deformation of the movable membrane. Thus tiny displacements (fraction of micrometer) 
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can result in large magnitude optical response, whose characteristics are a must in optical 
communications, with the implementation of wavelength division multiplexing (WDM).  
The most promising design for many micro machined MEMS tunable devices is 
the vertical cavity configuration. A vertical cavity device consists of an optical cavity 
sandwiched between two reflectors. Many optical devices like filters, lasers, photodiodes, 
interferometers and detectors are based on the vertical configuration. The earliest 
(vertical cavity surface emitting laser) VCSEL based on vertical cavity configuration is 
reported by Melngailis [46] in 1965. The device emitted coherent radiation at a 
wavelength of around 5.2 µm at 10 K and subjected to a magnetic field to confine the 
carriers. Fig. 2.3 shows the general structure of a VCSEL. 
 
Figure 2.3 Schematic structure of a VCSEL, without substrate, electrodes for pumping and 
structures for current confinement [46] 
In 1975, other groups also reported on the grating surface emission (R.D.Burnham 
and Zh.I.Alferov [47, 48]). In 1979, Iga and Soda [49] demonstrated the near infra-red 
emission close to telecommunications wavelength of 1.5 µm at the Tokyo Institute of 
Technology. These early VCSEL devices had metallic mirrors and high threshold current 
densities (44 kAcm
-2
), which are cooled using liquid nitrogen. A. Chailertvanitkul [50] 
  
 Chapter two                                                                                         Literature survey 
  
  14  
came out with the pulsed room temperatures VCSELs in 1984. Reduction in the threshold 
current density with reduction in the active volume of the cavity is demonstrated. I. 
Ibaraki [51] in 1984 demonstrated that VCSELs with oxide current confinement had a 
low current threshold for a GaAs/AlGaAs configuration. In 2006, Michael C. Y. Huang 
[52] reported the first experimental demonstration of piezoelectric actuated MEMS based 
tunable VCSEL. (Fig. 2.4). The piezoelectric MEMS cantilever beam is monolithically 
integrated with the VCSEL distributed Bragg reflector.  
 
Figure 2.4 Schematic of MEMS Piezo cantilever beam [52] 
Optical devices such as tunable filters, photo detectors and vertical cavity surface 
emitting lasers (VCSEL) using a vertical Fabry-Pérot cavity concept are also 
demonstrated by many groups [53-57]. Continuous tuning of the devices is achieved by 
electrostatic displacement of the top Bragg reflector of the micro cavity. In 2006, a new 
variety of VCSEL using GaAs in the 1.55 µm wavelength range [58] is demonstrated. 
The movable top membrane is fabricated and assembled separately and can be actuated 
electro-thermally. This gives a new dimension towards fabrication and assembly of 
MOEMS devices.  
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An improvised tuning range in the photonic devices is achieved using 
AlOx/AlGaAs pairs, taking advantage of the high index contrast between the pair 
materials [53]. This approach is first initiated by Tayebati [59-61] (Coretek Inc) using 
Bragg reflectors of highest accessible index contrast. Slowly the research activities 
switched towards higher tunability and wavelength selectivity. In 1997, using InP and 
GaAs/AlAs as bottom Bragg reflector and Si/SiO2 as the top Bragg reflector a hybrid 
photonic device is demonstrated [62]. This structure showed improvement in tuning 
range. Better filters with enhanced tuning range and optical properties are also introduced 
[63, 64]. D.Vakhshoori [65] (Coretek) also reported on using hybrid technology for 
constructing optically pumped semiconductor lasers. 
 Apart from filters and lasers, development of vertical cavity semiconductor 
optical amplifiers (VCSOA) is also reported [66-68]. These vertical cavity photonic 
devices present long wavelength and high temperature characteristics. R. Lewen [68],   
 J. Peerlings [69] have reported on creating vertical cavity optical detectors (VCOD) 
based on InP/InGaAs system. Another important application of optical MEMS is in the 
development of light emitting diodes (LED). E.F.Schubert [70], G.L.Christensen [71] and 
P.Bienstman [72] developed a long wavelength vertical cavity light emitting diodes 
(RCLED). Another highlight in this area came from W.S.Rabinovich [73] in 2003 
through the development of vertical cavity modulators based on Fabry-Perot cavity 
configuration. Elsewhere the R&D activities are concentrated towards formation of 
MOEMS based on monolithic technology instead of the hybrid technology. The enabling 
factor is the surface micromachining technique. Hence through this technique, using only 
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a single substrate, the device can be built by growing epitaxial layers one after the other.  
The suspension and required air-gap are obtained by selective wet micromachining.  
In 1996, K.Streubel [74] demonstrated a monolithic InP/air gap based VCSEL. 
Since the wavelength, transmittance and reflectance of the devices depend on the 
thickness and pairs of air-gap/semiconductor layers, a wide range of spectral responses 
can be obtained through modifying the gap.  A variety of modulations of spectral 
responses can also be obtained through the vertical movement of the one or more 
membranes through electrostatic actuation. This can be achieved by using a PIN junction 
in the stack. The controllable voltage applied directly on the membranes alters the air-gap 
and the small micrometer movement can lead to large magnitude optical response. Thus a 
device can cater to many functions. As seen, the monolithic technology approach has 
offered many advantages than the earlier technology in bringing out successful III-V 
semiconductor based MOEMS devices.  
III-V semiconductors based MEMS devices are also widely used in 
telecommunication as waveguides. In 2004, Madhumita [75] presented the theoretical 
design and analysis of a tunable micro-cavity filter realized by movable-waveguide-based 
MEMS technology. The filter is tuned by moving one of the mirrors axially through 
electrostatic actuation.  Such a movable MEMS waveguide can be integrated with photo 
detectors and amplifiers in a WDM sequence to realize high speed network. In 2006, 
Marcel. W. Pruessner [76] also demonstrated an electrostatically actuated InP based 
optical waveguide device. Issues such as coupling losses and their effect on device 
performance are presented. Several end-coupled waveguide devices are demonstrated and 
their operational characteristics such as frequency of operation and electrostatic tuning 
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are analysed. Apart from electrostatic actuation, thermal and piezoelectric [78] actuation 
also have been demonstrated.  
Optical elements such as DBR mirrors are also formed using III-V 
semiconductors. The optimization process of plasma enhanced chemical vapor deposition 
(PECVD) technique for the (Si3N4/SiO2) based DBR stacks to be used in the tunable 
vertical cavity devices is presented by S.Vicknesh [78]. Characterization of DBR layers is 
done using ToF-SIMS, XPS and ellispometry. Apart from fabrication, design and 
simulation of different varieties of tunable Fabry-Perot interferometers using finite 
element analysis are also carried out [79].  
 
2.3 MOEMS based devices in telecommunication 
Telecommunication uses light extensively for data transfer. After the introduction 
of WDM, the necessity of small, fast and easy controllable optical devices are becoming 
unavoidable. In 2000, J.A.Walker [6] presented a review paper which showed that optical 
MEMS technology based devices form an important part of future telecommunication 
networks. One of the important and basic components of telecommunication is the optical 
switches [80, 81] as shown in Fig. 2.5. These switches act as a control mechanism for the 
light signals.  
 
Figure 2.5 1x1 optical switch based on MEMS vertically actuated shutter [81] 
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MEMS based variable attenuator [81] and a dynamic gain equalization filter 
(DEGF) [82] is also introduced to improve the amplifier controls and gain. Another 
significant milestone in telecommunications area is the fiber-to-the-home (FTTH). But 
this technology is not widely used owing to its high cost.  Since 95% of the overall cost 
of photonic devices is still dominated by packaging technology new fabrication 
techniques and improvement in reliability of optical devices could enhance the 
applications of optical MEMS based devices in telecommunication sector.   
 
2.4 Fabrication techniques  
Microstructures of freestanding parts results from a combination of micro-
lithographic techniques and a variety of etching and thin film deposition processes. These 
micromechanical structures are fabricated by processing the surface of the wafer by using 
a combination of structural, sacrificial and epitaxially grown layers.  Micromachining 
studies of InP and related materials have been performed in order to fabricate 
freestanding microstructures which can yield high performing MOEMS devices. Surface 
micromachining of InP based structures may be divided into few general steps: thin film 
deposition including sacrificial layer(s), contour micromachining and selective etching of 
the sacrificial layer for release of the micro-structure. For the last step a special drying 
process is often used to avoid sticking of the flexible micro-structure.  
In 2000, A.R.Clawson [83] presented a review guide to identify the chemical 
etchants suitable for particular applications and provide descriptions and useful results. 
This work explains the various combinations of dry and wet etchants used in micro-
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machining of III-V semiconductors. Since III-V semiconductors are formed by 
combination of alloys, there is a high possibility of dislocations occurring in between the 
epitaxial layers. A substrate material should have minimum density of dislocations and 
for that the strain energy due to lattice mismatch should be low. The dry and wet etching, 
and freeze drying process of micromachining are reviewed by many researchers. Klas 
Hjort [43] in his work explains about using two different reactive ion etching (RIE) 
processes with CH4:H2:Ar to structure micro-beams. The results indicated that RIE 
conditions are of large importance since the induced surface defects are dominant reasons 
for fracture. An extensive report on using GaAs as a mechanical material is also proposed 
[84]. Some promising applications on micromechanical sensors and the alloying system 
are discussed. A good review of the various micro-machining processes and introduction 
to fabrication and application various structures in micro-optics and opto-electronics is 
presented [85]. These review papers are extensively useful to understand the devices and 
the difficulties present in fabrication. Thus specific problems in fabrication and design 
can be addressed which could yield better optical devices.  
The wet etching process is an important step in fabricating a MOEMS device. 
Selective wet etching techniques of the AlGaAs/GaAs system and its application to the 
heterostructure characterization is initiated by Andrej Malag [86]. Through the new 
etching parameters the microscopic properties of heterostructures including the 
imperfections of growth processes are measured while the uniformity of layers is 
maintained. A novel wet etching method which uses a fast lateral etching of an AlAs 
interlayer that influences the cross-sectional profile of the structure is proposed by 
V.Cambel [87]. Preparation and characterization of four sided GaAs pyramidal mesas is 
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carried out in this work. This forms the design basis of many GaAs based structures. If 
one can form pyramidal shapes, S.Kicin [88] put forth the idea of preparing stair-step V- 
or U- groves into a GaAs/AlAs heterostructures by anisotropic and isotropic wet etching 
technique. MOCVD technique is used to grow the layers through which QWR (Quantum 
wires) are fabricated. Tom. P.E. Broekaert [89] developed a comprehensive wet chemical 
etching solutions that allows the selective etching of InP lattice matched to InGaAs and 
InAlAs compounds using thin pseudomorphic AlAs layers as etch stops. A detailed etch 
rate analysis is also carried out. This study enables the identification of etchant 
combinations and its specific effects in InP epitaxial system. Also a good analysis on the 
wet etching parameters of different etchant combinations is put forth. Chemical etching 
characteristics of InGaAs/InP and InAlAs/InP heterostructures are studied for various 
etching systems. (H3PO4:H2O2, H2SO4:H2O2:H2O and Br2-CH3COOH using photoresist 
as mask) [90]. A selective study of the etching of lattice-matched InGaAs, InAlAs and 
InP in citric acid/H2O2 is successfully carried out by M.Tong [91] and Yan He [92]. The 
activation energies and the etch profiles of InGaAs and InAlAs are also discussed. 
Another important work on InP system is done by N.Matine [93]. The study presented 
results about the vertical and lateral etching of InP using HCl: H3PO4 based solutions.  
Y.P.Song [94] demonstrated that RIE of GaAs using SiCl4 gave vertical sidewalls 
and smooth surfaces. Thus using magnetically confined plasma RIE successful 
nanostructures of GaAs, AlGaAs and AlAs multilayers can be produced. These results 
helped to solve many problems associated with wet etching technique of III-V 
semiconductors. K.Streubel [95] thus came up with the fabrication of InP/air-gap 
distributed Bragg reflectors and micro-cavities using a successful selective wet etching 
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process. Detailed fabrication process is explained along with spectral response 
characterization of the devices. Apart from the vertical Fabry-Perot configuration, 
B.Jacobs [96] investigated the optical properties of wet chemically etched InP/InGaAs-
wires. Thus wires of width between 100 nm and 10 µm could be fabricated for a wide 
range of excitation densities and energies. The effect of etch mask and etching solution 
on InP micromachining to form V-grooves and thus forming reliable packing solutions is 
also presented [97]. 
Apart from the wet etching processes, the introduction of metallic contacts using 
the process of metallization is also studied by many research groups. Eli Yablonovitch 
[98] presented a novel idea on extreme selectivity in the lift off of epitaxial GaAs films. 
A detailed fabrication process is also discussed. A brief preview and analysis of chemical 
liftoff, handling, bonding, stress and alignment in III-V semiconductors based devices is 
presented by P.Demeester [99]. It gives an overview of the epitaxial liftoff and its 
applications. The removal of InP epitaxial layer from an InP substrate by a preferential 
etched epitaxial liftoff technique is also shown [100]. Results of several combinations of 
etchants are also included in their work. 
Dry etching process is also analysed extensively since it contained various 
parameters to be optimized. Different combination of gas etchants are proposed for 
different III-V semiconductor compounds. The challenge is to produce sharp and smooth 
structures with less thermal deviation. Gerhard Franz [101] in his work has shown how 
BC3 / (Ar, He) can be used for etching process for an AlGaAs layer system. The various 
parameters and its effects are analysed. A thermo-chemical model for the plasma etching 
process of aluminium in BCl3 / Cl2 and BBr3/Br2 system is demonstrated and thus 
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quantifies a recipe map [102]. One of the most crucial parts of fabrication process is the 
freeze drying process. Dai Koyabashi [103] presented a technique to avoid the post 
release adhesion problem of movable surface micro-machined structures. A supercritical 
carbon dioxide drying of microstructures is shown by G.T. Mulhern [104]. These 
techniques are used to fabricate comb-drive resonators.  
Based on many optimized combinations of wet and dry etching systems available 
for III-V semiconductors, a number of devices were fabricated. Micro-cantilevers are one 
of the fundamental test specimens. Cantilevers based on InP, AlGaAs and GaAs material 
systems are the popular ones.  The characterization of fabricated micro-beams included 
identifying major mechanical properties like bending properties, natural frequency and 
stiffness [105-107]. Apart from micro-cantilevers, GaAs/GaAlAs based quantum wells 
and AlAs/GaAlAs and InP/InGaAs based Bragg reflectors are also grown using the 
Fabry-Perot concept [108-111]. 
The next phase of InP based MEMS devices came out when J. Arokiaraj [112] in 
2006 described on the approach to transplant InP thin films on Si platform. The InP films 
also exhibited excellent quality in terms of optical and surface characteristics. Thus this 
simple technique of releasing InP MEMs devices on silicon substrates is a suitable 
approach for integrating III-V materials on Si platform.  
 
2.5 Characterization methods and properties realized 
 
The focus of this thesis is towards characterizing InP based MEMS structures and 
analysing its properties. The major properties widely realized are the mechanical and the 
optical properties. Mechanical characterization include beam bending, electrostatic, 
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fracture tests and stress measurement, while the optical characterization includes the 
photoluminescence, spectral response and tuning characteristics. An early paper in InP 
MOEMS devices with complete description of fabrication difficulties was presented by C 
Seassal [113] in 1996. Fabrication parameters and dimensions of the freestanding 
structures were determined for specific constraints (etching selectivities, anisotropy, 
sticking phenomena).  
Marcel W. Pruessner [114] in his paper has described using three different 
methods such as nano-indentation, beam bending and electrostatic testing to characterize 
InP based MEMS devices. Mechanical properties such as Young’s modulus and hardness 
are identified for InP double ends fixed beams as shown in Fig. 2.6. Electrostatic tests 
and stress-strain analysis are also carried out.  
 
Figure 2.6 InP double end fixed beams [114] 
P. Mounaix [115] in 1998 studied the properties of GaInAs cantilever beams with 
InP as the sacrificial layer. Nanoindentation testing and stress measurement are also 
carried out. The author also gave insight in to the sticking phenomenon happening 
between the cantilever and the substrate.  A good publication on stress analysis of InP 
MEMS devices is from M.Strassner [116] in 2000. InP grown on InGaAs is used to 
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produce a dense and coarse WDM filter.  Stress gradient and homogeneous stress in the 
InP bridge layer is analysed using mechanical test structures as shown in Fig. 2.7.  
 
Figure 2.7 Stress indicators to measure homogeneous stress in InP MEMS [116] 
Other than electrostatic actuation, thermal actuation of GaAs cantilever beams is 
also reported [106]. Since the concept of filter and wavelength gap is established, the 
unavoidable hurdle in making a successful device is the unwanted stresses and the 
inherent strength of the material. J.M. Garcia [117] in 2001 reported on the in situ and in 
real time quantitative measurements of stress along [1 1 0] and [1 l 0] directions during 
the formation of InAs/InP quantum wires (QWr) and consequent stress relaxation. 
P.Maigne [118] in 1996 also showed how high resolution x-ray diffraction can be used to 
investigate the structural properties of InxGa1-xAs epitaxial layers grown under tension on 
InP substrates. TEM, SEM and AFM are also used widely in characterizing the stresses. 
N.Chitica [119] in 2000 investigated the residual stress distribution and its relation to the 
presence of impurity atoms in InP layers grown by metal organic vapor phase epitaxy 
(MOVPE) on top of lattice-matched GaInAs layers. Their investigations show that the 
distribution of residual As and Ga atoms present through out the InP layers accounts for 
the measured residual stress in the layers. A.Tarraf [120,121] in 2004 continued the work 
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on quantifying the residual stress due to fabrication. In their work detailed stress 
investigations of silicon nitride and silicon dioxide defined by PECVD are presented.  By 
changing the duty cycle of two different plasma excitation frequencies, different shaped 
Fabry–Perot filter membranes with different cavity length and radii of curvatures are 
implemented and their stresses are measured. Apart from the individual device, 
M.Fukazawa [122] showed how to analyze the stress distribution in InP wafers. Using a 
scanning polariscope (SIRP), the residual strain components are quantitatively measured 
in commercially-available large-diameter wafers.  
R.Riemenschneider [123] used the white light interferometry technique to analyze 
tunable optical Fabry-Pérot filters with long resonant cavities of about 30 µm. The initial 
membrane curvatures as well as the actuation-induced bending are analysed. The 
application of micro-Raman spectroscopy to measure surface stress states is very 
common in silicon and also proved to be a very reliable method. But there are not many 
to report on Raman spectroscopy on III-V semiconductors especially in filter form. 
Micro-Raman spectroscopy is used to determine the multiaxial stress state in silicon 
wafers using a method proposed by Narayanan [124] in 1997. G.Attolini and S.Gennari 
[125] in 1993 proposed a Raman spectroscopy study on highly mismatched GaAs layers 
grown by metal-organic vapor-phase epitaxy on InP substrate. The measurements agree 
with x-ray-diffraction. Through the measurements on these samples it is also proved that 
the sensitivity of the technique in detecting residual strain is greater than that of the x-
ray-diffraction methods.  
Bernardi [126] in 2006 experimentally investigated the residual strain of the 
micro tube nanostructures with diameters in the micrometer range using micro-Raman 
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spectroscopy. InGaAs/GaAs bilayers grown by molecular-beam epitaxy on a GaAs 
substrate are investigated. Later on J.Arokiaraj [127] in 2006 who studied the growth of 
III-V semiconductors on silicon substrate reported on characterizing surface residual 
stresses on InP membranes grown on silicon. In fact, only a few groups have reported on 
Raman spectroscopy studies on InP free standing membranes. Though many results are 
published in Raman studies using visible light, the usage of other wave lengths is limited. 
Usage of variable wave lengths could make the light penetrate longer into the substrate. 
Apart from stress characterization using white light interferometry and Raman 
spectroscopy, secondary ion mass spectrometry (SIMS) is also widely used to identify 
stress content in thin films. 
In 1999, B.Dietrich [128], using an ultraviolet (UV) laser line analyzed on the 
effects of defocusing and inhomogeneous scattering obtained from a processed wafer. 
The paper demonstrates that the UV light allows one to resolve stress components 
averaged out by longer wavelength light and thus is a much better way to pinpoint areas 
of critical stress levels that would likely lead to defects. In order to reduce surface 
stresses apart from controlling the fabrication process a radically new optical design that 
separates the detector from the filter also avoids stress based failures [111]. 
Other than mechanical characterization, optical characterization is also important 
in terms of device functionality. J. Pfeiffer [129] in 2000 reported on the mechanical and 
optical properties of tunable Fabry-Perot filters. Sören Irmer [130] reported on the 
investigation on continuously tunable Fabry-Pérot filters manufactured using multiple 
air-gap MOEMS technology. The InP/air-gap filters exhibit a wide tuning range. Spectral 
reflectance of the DBR mirrors based on InP/airgap is also measured. J.Daleiden [131] in 
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2002 also reported on the tuning characteristics of continuously tunable Fabry-Perot 
filters. Results of capacitance measurement of the four separate fixed electrodes and also 
the study on transmissions at different driving voltages are shown. Optical filter’s 
performance is also reported by Paolo Bondavalli [132] in 2001. Mechanical analysis of 
multiple air-gap tunable InP-based Fabry–Pérot filters as shown in Fig. 2.8 are carried out. 
Apart from the electrostatic actuation, a theoretical model using FEA to study the 
mechanical deformation of the central cavity is also developed.  
 
Figure 2.8 Tunable Fabry–Pérot filter [132] 
 
Mechanical properties such as strength and internal stresses are critical for the 
production of micro-machined freestanding microstructures. As miniaturization of 
electronic circuits increases, the micro-system technology is also emerging out with a 
combination of disciplines such as micro-electronics, micro-optics and micro-mechanics 
[133]. Hence studying the fundamental physical properties needs new techniques with 
reliability.  
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3.1 Mechanical properties of MOEMS 
 
Micromachining Studies of InP and related materials have been performed in 
order to fabricate freestanding microstructures which can yield high performing MOEMS 
devices [134]. The dimensions of freestanding surface micro machined structures are 
dependent on the final drying procedure. As capillary forces of the final rinsing liquid 
tend to collapse the release parts, the final drying procedure needs to be optimized based 
on the size and shape of the structure [135]. And thus micro-mechanical properties of 
such components need special attention. The deformation mechanism or the bending 
properties of InP based MOEMS structures are critical to design better devices. Also 
placing and actuating optical elements like DBR mirrors on top of these structures needs 
consideration of the relatively lesser known structural and mechanical properties of 
micro-devices.  
Jean-Louis Leclercq [133] describes that the structural and mechanical properties 
of InP and related materials are always looked with skepticism when comparing them to 
silicon. This leads to researchers to delve in to identification of mechanical and structural 
properties of III-V semiconductor based MEMS devices. Thus the demonstration of 
reliability of InP as a material for surface micro-machined devices comes through various 
customized methods and tests. Sophisticated equipments like nanoindentation, Raman 
stress analysis, electrostatic actuation, reflectivity and transmittance analysis, bonding 
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analysis, etc are some of the experiments carried out by researchers to identify the 




The present field of nanoindentation is developed to measure the mechanical 
properties of surface layers, thin films, or small volumes of material, in which the 
indenter displacement with a prescribed load is measured continuously while loading and 
unloading. Indentation methods consist of pressing a hard indenter into the test material, 
and following the response. A diamond indenter tip is forced into the material creating a 
constant strain and the process is controlled. During loading and unloading the indenter 
displacement is continuously measured.  
The method was originally used for determining hardness of metallic materials, a 
quantity which characterizes the material resistance against penetration. Several methods 
like the Brinell test with a spherical indenter, the Vickers test with a square pyramid, and 
the Rockwell test with a cone were conceived for hardness measurement [136]. The first 
two tests consider the area of permanent imprint for hardness calculation, while the third 
method uses the depth of penetration for hardness calculation. The need to study material 
properties in micro-volumes has led to the development of microhardness tests. The 
newly developed ultra-micro indentation devices allows to loads as low as millinewtons, 
and indentation in size of nanometers. This indentation depth in to the material due to the 
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3.2.1 Working principle 
The schematic representation of a nanoindenter is shown in Fig. 3.1. Details about 
the actual specimen and its dimensions are explained in the later part. The basic 







Figure 3.1 Schematic of a nanoindenter  
The load is applied to a thin film or bulk substrate using a diamond tip, which consists of 
several shapes like pyramidal, conical, spherical etc which are discussed later. The 
pyramidal shaped Berkovich type is the most commonly used tip. The load is typically 
around 100 µN to a few mN and is applied through calibrated electromagnetic coils, 
which generates electrostatic force controlled through a closed loop control system. The 
MTS nanoindenter has a reported resolution of 50 nN and 0.04 nm respectively. The 
resulting tip displacement into the material is measured using capacitive sensors. This 
results in a load-displacement relationship for the material. Elastic and plastic 
deformation of material is seen during a typical loading cycle. A typical compliance 
curve as shown in Fig. 3.2 consists of loading and unloading characteristics from a 
nanoindentation experiment with maximum load mP , and depth beneath the free surface 
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of the specimen h . The slope of the elastic unloading curve dhdP  allows specimen 
modulus and hardness to be calculated. The load-time diagram also shows a hold cycle 
before the unloading cycle. 
 
 Figure 3.2 Load-Displacement characteristics in a nanoindentation process 
The aim of nanoindentation testing is to extract elastic modulus and hardness of 
the specimen material. During the cycle, if plastic deformation occurs, then there is a 
residual impression left on the surface of the material. The depth of penetration along 
with the known indenter geometry provides an indirect measure of the area of contact at 
full load. This data helps us to find the mean contact pressure and thus hardness may be 
found. When load is removed from the indenter, the material tries to regain its original 
shape, but may not come back completely to its original shape due to plastic deformation. 
But elastic strains in the material provide some recovery during unloading. The analysis 
of this elastic unloading response gives an estimate of the elastic modulus of the 
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3.2.2  Elastic modulus and Hardness 
 
Figure 3.3 Schematic diagram of load (P) versus indenter penetration (h) [136] 
In micro indentation tests with depth sensing devices, indenter displacement, h, is 
measured continuously during loading and unloading and the hardness and elastic 
modulus are determined from expression developed by Oliver and Pharr [137,138].  Fig. 
3.3 explains the load versus displacement relation in an indentation experiment with 
specific displacement terms used for deriving hardness and elastic modulus. mP is the 
maximum load applied through the indenter and the corresponding maximum 
displacement is mh . At the end of unloading, a residual impression is formed due to 
plastic deformation which is shown by ph , the residual depth of indentation. ch is the 
contact depth, which depicts the elastic recovery depth of substrate after removal of load. 
The loading phase of the indentation experiment is an elastic-plastic deformation 
  
 Chapter three                                                                     Measurement Techniques   
  
 33  
combined cycle, while the unloading phase of the experiment is purely an elastic 
recovery of the material.  
The analysis of indentation load-penetration curves is based on work by Oliver 
and Pharr.  Their analysis was based on relationships developed by Sneddon for the 
penetration of a flat elastic half space by different probes with particular axisymmetric 
shapes such as flat-ended cylindrical punch or a cone.  The relationship between 
penetration depth, h, and load, P, can be represented in a power law expression as 
P = a (h – hp)
 m                   
(3.1) 
where a represents geometric constants ( specimen elastic modulus, Poisson's ratio, 
indenter elastic modulus and the indenter Poisson's ratio), hp is the final unloading depth, 
and m is the power law exponent related to the geometry of the indenter. (Flat-ended 
cylindrical punch m = 1, and for a cone m = 2).  
The slope of the unloading curve changes constantly due to a constantly changing 
contact area.  The unloading curve fit by a power law expression, then a derivative, dP/dh, 
applied at the maximum loading point (hm, Pm) yields information about the state of 
contact at that point.  This derivative is termed the contact stiffness S. 
The slope S (Elastic unloading stiffness) of the load-displacement curve at the beginning 
of unloading is given by  
dh
dP




 = change in displacement for unit change in load along the elastic unloading curve. 
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The slope is computed at the beginning of unloading cycle during which there is 
only elastic recovery of the material. Now from the type of indenter tip used, the 
projected area of indenter surface (A) is determined. Thus encompassed within the 
Oliver–Pharr model[137] is the work of Pharr and Brotzen, who showed that for all 
axisymmetric indenters, there is a constant relationship between the elastic contact 
stiffness, S, the projected area of contact, A, and the reduced or indentation modulus ( *E ). 





* π=                                                                                                                  (3.3) 
where, 
*E = indentation or composite modulus (specimen + indenter).  
This equation shows that the slope of the unloading curve is proportional to the elastic 
modulus and may be calculated from the known radius of the punch. Oliver and Pharr 
used the contact mechanics analysis of K.L.Johnson and Hertz [139, 140] to derive the 
relation between indentation modulus and the elastic modulus of indenter and the 











=                                                                                                    (3.4) 
where E is the Young’s modulus and υ  is the Poisson’s ratio, and the subscripts s and i 
denote the specimen and indenter respectively. The indenter material is usually diamond 
which has a Young’s modulus of 900~1100 GPa and a Poisson’s ratio of 0.07.  
Thus using equations (3.1)-(3.3) and the known values of indenter, the Young’s modulus 
of the unknown specimen can be estimated through the load-displacement relationship. 
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The hardness of the material is also defined as a function of indenter depth. For 
tests with a Berkovich indenter, the hardness H and the modulus *E can be determined 
from the slope dhdP
 
and the plastic depth ch at maximum load.
 
Once slope at maximum 
load is known, then, assuming the modulus *E is constant (i.e. independent of depth), the 
hardness may be computed at any point along the loading curve [141]. For a Berkovich 
tip, the relationship between the projected area A of the indentation and the depth 
ch beneath the contact is  
θ22 tan33 chA =                                                                                                           (3.5) 
where θ  is the face angle of the tip (for Berkovich tip, θ = 65.3o), thus 
2
5.24 chA =                                                                                                                     (3.6) 
In case of a spherical indenter, the projected area of tip, A is calculated as 
2aA π=  [142]                      (3.7) 
where a is the radius of contact, which is calculated as 
( ) 2122 cc hRha −=                         (3.8) 
where R is the nominal radius of the spherical tip. 




H m=                                                                                                                           (3.9) 
The calculation of ch is explained in the subsequent section 3.2.5. 
The projected area of contact for the tip A differs with shape of the tip. Table 3.1 gives 
the projected areas and face angles of important nanoindentation tips. 
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Table 3.1 Projected areas and the face angle details of various types of nanoindentation tips [136] 
 
3.2.3  Dynamic method  
K.L.Johnson [139] introduced an indentation test involving an oscillatory motion, 
in which a small AC modulated force p is applied with a frequency ω and amplitude po. 
ti
oepp
ω=                                                                                                                     (3.10) 
The resulting displacement will have the same frequency of oscillation but with a phase 
difference φ which gives, 
)( φω += tioehh          (3.11) 
The dynamics of the instrument as well as the indenter-specimen interaction will affect 
the resulting displacements. A simple spring-mass-damper system can be used to 
represent the dynamic model of a nanoindentation instrument [136]. And the total 
stiffness combining the stiffness and damping parameters as, 
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o ωω +−+=                                                                           (3.12) 









=                                                                                                (3.13) 
where, 
sK is the stiffness of the indenter shaft support springs, op  is the magnitude of the 
oscillatory load, D is the damping coefficient, oh is the magnitude of displacement, ω is 
the frequency of oscillation, m is the mass of the components and S is the contact 
stiffness dhdP . The measured stiffness S can be used to determine the area A 











=                                                                                                        (3.14) 
The calculated area can be used with Eqns. (3.3) and (3.8) to compute the hardness and 
Young’s modulus. Dynamic testing can also be used to compute the hardness and 
modulus of elastic materials with low E/H. In this thesis, both the static and dynamic 
testing methods were used to test the InP MEMS structures. 
 
3.2.4  Types of indenters 
There are two principal kinds of indenters: Spherical and the pointed. Each shape 
has its own distinctive advantages and disadvantages. Pointed tip like the Berkovich tip 
as shown in Fig. 3.4(a) is generally used in small scale indentation studies and has the 
advantage that the edges of the pyramid are more easily constructed to meet at a single 
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point. The original Berkovich indenter is constructed with a face value of 65.3
o
, and this 
gives the same actual surface area to depth ratio as the Vickers indenter (Fig. 3.4(d)) in 
accordance with the definition of Vickers hardness value [141]. The tip radius for a 
typical Berkovich indenter is of the order of 50-100 nm.  
 
(a) 
          
                                           (b)                                                                           (c)  
 
                                     
                (d)                                                            (e)                                                         (f) 
Figure 3.4 Types of indenters (a) Berkovich (b) Conical (c) Spherical  
 (d) Vickers (e) knoop (f) Cube corner [136] 
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The Knoop indenter (Fig. 3.4(e)) is also a four sided pyramidal tip with two 
different semi angles. Such an arrangement has been advantageous since the 
measurement of unequal diagonal lines of the impression is a useful piece of information 
to study the anisotropy of the material. This indenter was initially designed to test very 
hard materials. The long diagonal line makes it easy to measure in the shallow depths of 
the residual impression. There are also conical indenters (Fig. 3.4(b)) and cube corner 
indenters (Fig. 3.4(f)). The conical indenter has the advantage of possessing an axial 
symmetry. Another popular indenter is the spherical indenter shown in Fig. 3.4(c), which 
provides smooth transition from elastic to elastic-plastic contact. They are usually used to 
analyze soft materials. Spherical indenters usually have a radius of less than 1 micron. 
Figure 3.5 shows a schematic section through an indentation showing the 
quantities used in the analysis. Fig. 3.5 (a) shows the indentation section of a pointed 
indenter while Fig. 3.5 (b) shows that of a rounded indenter. As explained in the earlier 
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(b)                                                                                   
Figure 3.5 Schematic sections through an indentation showing the quantities used in analysis 
(a) Pointed indenters (b) Rounded or spherical indenters [136] 
 
In the Fig.3.5, an indentation load-displacement curve is also illustrated along 
with several important parameters used in the Oliver and Pharr analysis. fh , intercept 
value for depth is defined when the slope S of the tangent line to the unloading curve is 
assumed to be constant without change in contact area (by removing load-frame 
compliance of the equipment) and extrapolating the line until load P = 0. This 
interpolated intercept depth fh is also related to the contact depth, ch  through the 
maximum displacement mh and the intercept correction factorε .  
For pointed indenters,  
2
cKhA =                                                                                                                       (3.15) 
where, the constant k characterizes the indenter geometry. ( k = 24.5 for both Berkovich 
and Vickers tip). I. Sneddon [143] and K.L.Johnson [139] have derived expressions to 
measure the contact depth directly in case of an elastic penetration.  
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However, the difference between the total depth,h  and the vertical displacement 
of the material at the edge of the contact area, sh also estimates the contact depth ch .  
ch  is related to the deformation behavior of the material and the shape of the indenter, as 
illustrated in the figure. 
sc hhh −=                                                                                                                   (3.16) 
ch can be calculated for specific geometries using displacement equations from Sneddon's 
analyses.   
For each of these specific tip shapes (flat-ended punch, paraboloid of revolution or cone),  
SPh ms /ε=           (3.17) 
where ε is a function of the particular tip geometry. 
Thus the contact depth is given as 
)( dPdhPhh mc ε−=          (3.18) 
where,ε  which is the intercept correction term based on the geometry of the tip. For a 
spherical indenter it equals to 0.75, while for a conical indenter it is 0.7267 and Oliver 
and Pharr [137] found out that intercept correction for a Berkovich indenter should be 
increased to 0.75 from 0.72 to account for the inevitable round tip of a real indenter. Such 
an approach makes it possible to measure the hardness and the Young’s modulus.  
 
3.2.5  Beam bending 
Nanoindentation also can be used to test MEMS structures like cantilevers and 
double side fixed beams. M.W. Pruessner [114] and J.N.Ding [144] have demonstrated 
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the use of nanoindentation to test micro-cantilevers of InP and silicon respectively. The 
classical plate theory or the beam theory can be applied to compute the Young’s modulus 
from the deflection of the beam. Nanoindentation is used to estimate the specimen size 
effect in silicon microcantilever beams through the use of classical plate theory [144]. 
In the beam bending experiment, the nanointender is used to apply a point load on the 
microbeam and the deflection (y) at the free end is given by  
EIPLy 3/3=            (3.19)         
where P is the applied load, L is the distance between the clamping region and the 
loading, E is the Young’s modulus and I is the moment of inertia. The cantilever beam 
structure is highly flexible and the stiffness of the beam would indicate the load applied 
on the nanoindentation probe. Hence the stiffness of the indenter tip also influences the 
exact stiffness of the loaded beam and the results show a combined stiffness value. A 
study to analysis the bending properties of InP cantilever at different holding times was 
also carried out.  
 
3.3  Optical interferometry 
Optical interference corresponds to the interaction of two or more light waves 
yielding a resultant irradiance that deviates from the sum of the component irradiances. 
An interferometer works on the principle that two waves that have the same phase will 
add to each other while two waves that have opposite phases will cancel each other out, 
assuming both have the same amplitude. Interference requires the sources to be coherent. 
Today many researchers use monochromatic light sources like lasers, and even the wave 
character of matter to build interferometers.  
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Figure 3.6 Michelson interferometer. 
Many interferometers like the Michelson, Mach-Zehnder, Sagnac, and Fabry-
Perot have been developed. One of the well known types of interferometers is the 
Michelson Interferometer developed by Albert Abraham Michelson through the 
Michelson-Morley experiment in 1887. (Fig. 3.6). It consists of a monochromatic source 
(emitting light or matter waves), a detector, two mirrors and one semitransparent mirror 
(often called beam splitter). The light source emits light on to the beam splitter and there 
are two paths from the light source to the detector. The beam splitter divides the wave 
into two. One reflects off the beam splitter and goes to the top mirror. It reflects back 
through the beam splitter to the detector. The other light wave goes through the beam 
splitter, to the other mirror and reflects back to the beam splitter finally reflected into the 
detector by the beam splitter. The two waves recombined at the detector focus point and 
if these two paths differ by a whole number (including 0) of wavelengths, there is 
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constructive interference and a strong signal at the detector. If they differ by a whole 
number and a half wavelength (e.g., 0.5, 1.5, 2.5 ...) there is destructive interference and a 
weak signal. This leads to the formation of dark and bright fringes. 
CO’Mahony and C.Quan [145,146] describe in their work about the usage of 
vertical scanning white light interferometry for measuring the profile of MEMS 
components as the technique is simple, fast, accurate and most important non-destructive. 
In this work, this technique is used to measure the profile of InP based Fabry-Perot 
membranes. 
 
3.3.1  Vertical scanning white light interferometry 
Vertical scanning white light interferometry is the optical profiling method 
described in this work, in which a pattern of bright and dark lines (interference fringes) 
results from an optical path difference between a reference and a sample or specimen 
surface. The mechanism is shown in Fig. 3.7. The constructive and destructive 
interference produce a pattern of light and dark fringes that represents the surface 
topography of the sample under test. This pattern is known as an interferogram, and is 
captured by a high resolution CCD camera. This technique is used to determine both the 
static and dynamic properties of MEMS components. The intensity field along z-axis 
(vertical scanning direction) as 
])(2cos[)()( oooooo zzKzzgIIzI ϕγ +−−+=                                                            (3.20) 
where oI is the background intensity, γ is the fringe contrast, oK is the mean wave 
number of the light source, z is the vertical position along the optical axis, oz is the peak 
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position of intensity field, and oϕ is a phase offset. )( ozzg − is the coherence envelope, 
which depends on the spectrum of the light source [146]. 
 
Figure 3.7 White light interferometry set-up 
 
In this work for the interferometry experiment, a halogen light source with a Gaussian 
























                                              (3.21) 
where cl is the coherence length of the light source.  
The data obtained is processed using fast Fourier transform (FFT) and digital 
filtering is carried out. From the interferogram, a 3D profile of the top surface is obtained. 
From the 3D profile, the out of plane displacement of the structure can be identified 
which in turn is analysed to calculate the residual stress. Residual stress measurement of 
  
 Chapter three                                                                     Measurement Techniques   
  
 46  
InP MEMS using optical techniques such as white light interferometry has been carried 
out by Mithilesh [109] and M.W. Pruessner [114]. White light interferometry technique 
also has been used to identify pull-in voltage and deflection parameters [114,146].  
 
3.3.2  Residual stress measurement using interferometry 
Residual stress is classified in terms of the distribution in the material. Uniform 
residual stress or uniform axial stress is when stress is uniform along an axial plane, 
while gradient residual stress varies along a given axis with a certain defined gradient. 
When sacrificial layers of the device are dissolved, residual stresses in the elastic 
structural layers are partially relieved by deformation of the structural layers. The 
structure may be elongated or shortened but do not cause any out of plane curvature. 
Stress gradients through the thickness of the structure which are not released produces 
internal moments and causes a significant curvature of a free-standing thin-film structure 
even when the average stress through the thickness of the film is zero. A positive stress 
gradient causes an upward deflection, while the negative stress gradient acts vice-versa.  
The out of plane deformation is dependent on process details and significantly on 
the structure’s geometry. Thus the curvature enables only the measurement of strain 
gradient through the thickness of the material and an average compressive stress along 
the beam length. In case of InP-InGaAs-InP epitaxial layer system as discussed in this 
work, a time-of-flight secondary ion mass spectrometry (ToF-SIMS) experiment revealed 
the presence of arsenic (As) within the InP layer caused due to overpressure in the 
MOCVD growth chamber [109]. The distribution of As content within the InP layer 
causes deformation of the membrane.  
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 Janak Singh [147] through an analysis of stresses and strains in different micro-
components has indicated that the stress and strain gradient can be measured by the self-
deflection of the cantilever or membrane. The strain gradient is given as the rate of 
change of tip displacement over the length of the structure taken per unit length. Thus if 
v is the deflection of the beam tip or membrane, then the strain gradient ( dydε ) of the 








                    (3.22)                                                                                                             
where, 
Lc is length of the cantilever or the membrane and y is the axis through the beam 
thickness.  
The stress gradient ( dydσ ) is given by  
dydσ  = E ( dydε )                                                                                                     (3.23) 
where E  is the Young’s modulus.  
In the membrane structures discussed in this work the supporting beams have not 
free ends, but the movable ends are connected to a membrane. Though the change in 
boundary condition changes the deflection pattern of the beam, the purpose of these 
measurements is to show the effect of global stress gradient pattern which results in a 
curvature. A comparative study using the basic equations is made to show the effect of 
linear stress and strain gradient along the length of the cantilever or membrane. This may 
not be an exact indication of the stress gradient in the membranes fabricated.  
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The measurement using interferometry technique can yield only in the study of 
stress gradient in the thickness of the structure. However the boundary condition of the 
structure will determine the residual stress and stress gradient. So only an optical profiler 
measurement may prove to be insufficient to analyze residual stress in thin films. Also 
when analysing complex structures, the effect of boundary condition makes residual 
stress prediction difficult.  
 
3.4  Micro-Raman Spectroscopy 
The spontaneous Raman Effect was observed experimentally by Sir 
Chandrasekhara Venkata Raman in 1928. Raman scattering arises from an inelastic 
interaction between photons (light of the incident laser) and phonons (vibrations of the 
crystal lattice). A molecule in some vibrational state can absorb incident photon energy 
and raise to an intermediate or virtual state. It makes a Stokes transition by emitting a 
photon of energy less than the incident photon. But the energy still possessed by the 
molecule makes a molecule to attain a higher vibrational level than where it started 
initially. This phenomenon is used in Raman spectroscopy.  
In the Anti-Stokes transition, a molecule already at a higher vibrational energy 
(may be due to heating), absorbs the incident photon energy and goes to a higher virtual 
state and emits a photon with energy higher than the incident photon. This leads the 
molecule finally occupy a vibrational level lower than where it started. In Rayleigh 
scattering, the incident and emitted photon energies from a molecule are same, hence the 
molecule starts and ends at the same energy level. A Raman spectrum shows the 
frequency of the lattice vibrations of the probed material [148].  Figure 3.8 shows the 
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Raman spectrum for crystalline silicon. Normally a Raman peak is assigned to every 
material and the signature is unique to that particular material.  
 
Figure 3.8 Raman spectrum for crystalline silicon (148) 
The additional peaks which are visible in the spectrum are Rayleigh scattered 
plasma modes of the laser. Raman spectroscopy is widely used for stress calculation in 
micro components. Residual stresses which are inherently built in MEMS components 
are formed due to the surface micromachining technique. Strain changes the frequency of 
the lattice vibrations and thus it will also shift the Raman frequency from its calibrated 
stress free condition. So through mapping the frequency shift of the Raman peak at 
different positions on the sample, information on the local stresses can be obtained 
[148,149]. 
 Residual stresses are stress fields that exist in a body in the absence of any 
external loads. All mechanical processes that can cause deformation may lead to the 
development of inbuilt residual stresses. The state of a residual stress in a device depends 
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on the prior processes it has undergone [148]. Residual stresses determine the resulting 
deformation in any system to balance the energy level. 
Based on positive or negative LO (Longitudinal orientation) and TO (Transverse 
orientation) phonon peak shift from the pre-calibrated stress free values, it is possible to 
estimate surface stresses. The stress ( )σ on a surface can be estimated from the relation 
σω RLO K=∆                                                                                                                   
(3.24) 
where, 





 for InP) [127,150].  
Using this technique the surface stresses can be estimated with an accuracy of 15 MPa 
and is limited by the spectral resolution of the instrument.  
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As discussed in the earlier chapters to provide a clear understanding of the 
mechanical properties of InP MEMS structures, sophisticated and reliable 
characterization methods are needed. The proposed objectives are validated using 
nanoindentation system, in which the deformation behaviour of InP cantilevers and the 
substrates are determined. Also residual stress analysis using white light interferometry 
and micro-Raman spectroscopy are carried out. The equipment and experimental 
procedures of the proposed methods along with a detailed report on the fabrication 
process are described in the following sections. 
 
4.1  Structure fabrication 
Fig. 4.1 shows a layer structure used in the development of MEMS structures. The 
InP-based heterostructure epi-layers are deposited using the metal organic chemical vapor 
deposition (MOCVD) technique. An undoped, sacrificial layer of InGaAs with a 
thickness 1.55 µm is lattice matched to a p-doped InP layer grown on a semi-insulating 
InP substrate (1 0 0). The semi-insulating InP substrate has a thickness of 200~400 µm. 
The p-doped buffer layer has a thickness of 0.1 µm .On top of the sacrificial layer is a n-
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Figure 4.1 Layer structures grown by MOCVD 
 
 Samples are cut from a 2 inch (~50 mm) wafer in to approximately 2cm x 2cm 
size pieces. They are cleaned in a Class 100 cleanroom using Acetone and Methanol in an 
ultrasonic bath for a period of 5 minutes in each solvent. They are then dried, cleaned 
with Nitrogen (N2) gas and pre-baked using a Memmert oven at 90
o
C for 10 mins. 
    The sample is then spin coated with AZ5214 photo resist (PR) using the 
Spincoater Model Cee100 machine. The process is carried out at a speed of 5000 rpm for 
30 secs. It is soft baked for about 30 mins at 90
o
C to harden the photo-resist. The photo 
resist thickness is approximately 1.2 µm. Photolithography is performed using Karl Suss 
Mask Aligner (MA8) I-line, ultraviolet light (365 nm) with an intensity of approximately 
4.5 – 5 mW. To define the structures on the sample, a 3-inch mask plate as shown in Fig. 
4.2 with “structural pattern of cantilevers & membranes” is used.  
 
 




InP Substrate (Semi-insulating) 
 
InGaAs, undoped (sacrificial layer) 
InP, n-doped (Structural layer) 
InP, p-doped (Bottom contact layer) 
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 Fig. 4.3 shows the dry etching process used for defining the structures on the 
sample. The sample is dry etched using a Unaxis SLR 770 high density plasma etch 
system consisting of an inductively coupled plasma (ICP) chamber to define the 
structures. The sample is mounted on an 8” (200 mm) carrier wafer and introduced into 
the ICP chamber. The sample is etched for 11 mins with a constant flow of 50 sccm 
hydrogen bromide (HBr) gas with optimized etching parameters. The constant process 
parameters were maintained at 400 W ICP, 200 W reactive ion etch (RIE) and 5 mTorr 
pressure. The temperature is maintained at 20
o
C using helium (He) gas cooling. Etching 
depth of the sample is observed as approximately 3.3 µm.          







Figure 4.3 Plasma dry etching process  
The next step is to protect the sidewalls of membranes and cantilevers with silicon 
nitride (Si3N4) deposited using a Nextral (NE) D200 plasma enhanced chemical vapour 
deposition (PECVD) technique. The sample is spincoated with photo resist and a new 
mask plate with structures to protect the sidewalls is used to deposit 0.3 µm thick Si3N4 
on the sample. The sample is hard-baked at 90
o
C for 10 mins in an oven before 
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parameters of 27 sccm CHF3 flow, 400 W ICP power, 200 W RIE power, 5 mTorr 
pressure and 20
o
C temperature to remove Si3N4 under the membrane area. The PR is 
removed after etching.  
 A new mask is needed to carry out metallization of the bond pad regions near the 
membranes. It is done using an Edwards E-beam evaporator to deposit a metallic 
combination of AuGe/Ni/Au with thickness of 10 nm, 10 nm and 200 nm respectively at 
the bond-pads. Lift-off process is used to remove the metallic layers from the sample 
other than the bond-pads.  
 Figure 4.4 shows the wet etching process which removes the sacrificial layer 
underneath the structural layer. This process removes the sacrificial InGaAs layer through 
wet etching process. The sample is placed in FeCl3 (Conc.) which is used as a sacrificial 
etchant. Since the cantilever and membrane sidewalls are protected by silicon nitride 
layer, the etchant has only one path to remove the sacrificial layer. Infinite etching 
selectivity between InP and InGaAs has been suggested for FeCl3 and water mixtures in 
general. The released structures are rinsed with de-ionized (DI) water while maintaining 
them in the submerged condition until the etchant is completely replaced by water and the 
solution reaches a neutral pH. Although initial drop in pH upon etchant substitution with 
water is large, there was always some residual acidic pH which can be rid off only 
through continuous pH monitoring, prolonged DI water rinsing, and stirring. The 
presence of acidity in the DI water could alter the freezing point thereby preventing 
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         Undercut 
Figure 4.4 Wet etching process 
  
 The released structures submerged under DI water are frozen using a freezer. The 
freeze dryer or the vacuum pump is used to remove the frozen DI water and show up the 
free-standing InP structures. Figure 4.5 shows the freeze drying process of removing 
frozen DI water. Drying takes place by sublimation of ice into the vapor thus forming a 
clear air gap beneath the structural layer, while the sample is maintained in the frozen 
state. The sample is carefully removed from the vacuum chamber and analysed for 
further processes. Fig. 4.6 show the images of cantilevers and membranes captured after 


















Sacrificial layer etchant 
Released structures  
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Figure 4.6 Microscope images of MEMS structures after freeze drying process (a) cantilevers 
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                 The Nano Indenter ® indentation instrument from MTS Systems Corporation 
is one of the widely used systems in the field. The instrument works on the principle of 
load application through a calibrated electromagnetic coil and the displacement into the 
substrate or the movement of the MEMS device is measured using a capacitive 
transducer. The displacement is shown as a real time function of load. Load is applied 
using diamond tips of several shapes like pyramidal, conical or spherical. The load and 
displacement resolutions are 50 mN and 0.04 nm respectively. A high resolution and 
zoom microscope is used to position the indenter on the specimen. Specific program 
routines are used to perform the experiment. The optical system also helps in accurate 
repositioning and translation. The system is mounted on a shock proof base with an 
acoustic shield to prevent outside vibrations affecting the experiment.  
                 The system also has a fully automated scheduling system which allows 
overnight operation to ensure maximum productivity. The Nano Indenter® is operated by 
MTS test works instrument, which allows flexibility in the specification of test procedure 
and data analysis. The package calculates the hardness and modulus from depth data and 
the Continuous Stiffness Measurement “CSM” method using the Oliver-Pharr equations. 
The CSM technique superimposes a sinusoidal load onto a normal load signal. The 
system can also operate in a scratch testing mode suitable for surface profile 
measurements. It also houses an optional lateral force measurement system which 
provides friction force measurement capability.  
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               Probe head                       Microscope objective        Specimen 
Figure 4.7 Experimental setup of the nanoindentation system  
Figure 4.7 shows the nanoindentation system used to perform the experiment. 
MEMS specimens are mounted on to an aluminium stub and assembled on a jig which 
has a lock mechanism to hold the specimen. The indenter head is then lowered slowly 
until it makes contact with the specimen surface.  Determination of specimen surface is 
performed on the first indentation in a series. Parameters like distance to be moved in the 
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Figure 4.8 MTS Test Works ® software 
Figure 4.8 shows the parameters defined such as depth limit, strain rate, Poisson’s 
ratio, maximum load and number of times to load. In the beam bending test a spherical 
tip is used to load the beam. For the CSM technique (dynamic test) an additional 
displacement range input is included. The nanoindenter shows two different types of 
output from the CSM test: continuous and unloading curve results. Continuous hardness 
and modulus values are averaged over the displacement range while the unloading curve 
results show values calculated only during the unloading cycle.  
                   Figure 4.9 (a) shows the samples which consist of two sets of 8 micro-
cantilevers beams of lengths 50 µm, 100 µm, 150 µm, 200 µm, 250 µm, 300 µm, 400 µm 
and 500 µm facing each other, with a width and thickness of 10 µm and 1µm respectively. 
The gap between the beam and the substrate is 1.55 µm. For each loading point, a 
reference point on the same plane as that of the beam is taken to identify the starting 
point of loading. The nanoindenter equipment needs this information before every 
loading cycle. In the samples, a 100 µm reference length is used. The reference length 
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will not affect any loading characteristics of the beam since all the reference points are 
within the substrate area. 
 Fig.4.9 (a) also shows the substrate region supporting the cantilevers and 
membranes on which the static and CSM tests are conducted. Loads of magnitude 1 mN, 
2 mN, 5 mN and 10 mN are used. Five different locations for each load provided 20 
different loading points. The holding time is increased for higher loads. The Young’s 
modulus and hardness values at every indentation location are obtained. In addition to the 
Berkovich tip, a spherical tip is also used for the experiments on the substrates. In case of 
nanoindentation test on silicon and sapphire substrates, four different locations on each 
substrate are selected and a maximum load of 300 mN is applied. The peak loading time 
is 30 seconds, while the holding time is 10 seconds. The load applied is increased in case 
of silicon and sapphire substrates, with due care not to damage the substrate. 
  
 
                Substrate   Cantilever beams                                                Substrate 
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          (b) 
 
Figure 4.9 Images of micro-cantilevers and membranes. (The difference in focus along the length of the 
beam shows the upward curl). (a) Substrate region around cantilevers and membranes (b) Loading points 
on cantilever beams 
 
In the bending test, a point load is applied on the cantilever using a spherical tip at 
various locations and the corresponding load-displacement of the cantilever is recorded 
automatically. The test is conducted on 8 cantilevers of different lengths with 3 loading 
points on each beam (Fig.4.9 (b)). A spherical tip of 5 µm radius is used to apply the load. 
This ensures that the load bends the beam and do not indent it. The maximum load 
applied is 0.2 mN at a loading time of 20 seconds.    
Figure 4.10 shows the micro-cantilever beam with the two loading points. The 
length of the cantilever beam is 50 µm in length and has two loading points at a distance 
of 25 µm and 45 µm from the cantilever support. The nanoindenter tip head is placed 
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Free standing cantilever                           Point 1                            Point 2 
                                               
 









                                                                                                                           Air gap 
 
Figure 4.10 Free standing micro-cantilever beam with the two loading points 
 
            
   In the CSM test, a simple sinusoidal load along with the normal load is applied on 
the substrate which is subjected to a vibration of 45 Hz and an amplitude of 2 nm for a 
maximum displacement of 300 nm. The parameter values are standard default values 
used to test a standard material in a nanoindenter dynamic test. Loading is controlled at 
constant loading rate with a peak loading time of 20 s and an allowable drift rate of 0.1 
nm/s. A standard value of 0.35 is taken as the Poisson’s ratio of InP [109,153]. The 









25 µm 20 µm 
Support 
  
       Chapter four                                                                                      Experimental Work 
  
 63  
 
 





Figure 4.11 Schematic of a white light interferometry setup [145] 
 
Figure 4.11 shows a simplified schematic of a coherence peak sensing 
interference precision microscope with various optical elements. It utilizes a two-beam 
Mirau interferometer at the microscope objective with a magnification of 10x. A separate 
magnification selector can be placed between the microscope objective and the CCD 
camera to provide additional magnification if required. A tungsten halogen lamp is used 
as the light source to illuminate the test object. The specimen is mounted on a stage 
controlled by a PZT controller, which has an accuracy of 1 nm. The PZT stage is 
accurately controlled for vertical scanning. The Mirau interference objective consists of a 
beam splitter and a reference mirror which are incorporated to produce a reference and 
object beams. The resulting interference fringe patterns are captured by a CCD camera 
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4.3.2 Experiment 
Figure 4.12 shows the experimental setup of the interferometry system. The 
specimen was placed on a PZT stage. The stage is adjusted to obtain good quality fringes. 
Once a good fringe is obtained, the frame grabber is adjusted to a series of images. Each 
image is captured at an interval of 100 ms in steps of 80 nm. Algorithms are developed to 
obtain wrapped phase values and subsequently unwrapped to obtain the profile of the 
object. Profile of the MEMS structures are also measured using commercial 
interferometry systems namely VEECO and ZYGO profilers. 
 








                                                                                                              Mirau interferometer 
 
 
           Specimen 
 




Figure 4.12 Experimental setup of the white light interferometry system 
 
                 Figure 4.13 shows a SEM picture of cantilever beams (similar to that shown in 
Fig. 4.9) measured using this setup, and Fig. 4.14 shows a SEM pictures of four types of 
membranes. The membranes include four designs of filters namely type “A” or the square 
filter, type “B” or the circular filter, type “C” or the quad-leg filter and type “D” or the 
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split-beam type filter. The first design is a central square membrane supported by four 
cantilever suspensions as shown in Fig. 4.14 (a) and referred to as “Square Filter” or type 
“A”. The membrane is supported at its corners by cantilevers, which have their other end 
fixed to a substrate. The second type of filter is one with a circular membrane suspended 
by four cantilevers as shown in Fig.4.14 (b) and is referred as “circular filter” or type “B”. 
The third design is referred to as “quad-leg type” or type “C” which encompasses a 
square central membrane suspended by four cantilever type beams as shown in 
Fig.4.14(c). The final design shown in Fig. 4.14 (d) is referred to as the “split-beams 
type” or type “D”, which consists of a single diagonal beam (length, L1) supporting the 
central square membrane at each of its corners and splitting into two perpendicular beams 
(length, L2) connecting the substrate in the shape of a “Y”. The length of the diagonal 
beam is equal to length of branched beams (L1 = L2).  
 
Figure 4.13 SEM images of InP micro-cantilevers 
 
                   (a)                                        (b)                                      (c)                                      (d) 
 
Figure 4.14 SEM images of four types of InP membranes 
(a) Type “A” or Square (b) Type “B” or Circular (c) Type “C” or Quad-leg (d) Type “D” or Split-beam 
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Figure 4.15 Renishaw 1000 micro-Raman system [151] 
 
                Figure 4.15 shows the experimental setup of a Renishaw micro-Raman system. 
The basic optical elements are the laser source, diffraction gratings, CCD camera, beam 
expanders and filters, microscope and the automated stage and the visual systems. The 
laser source for the visible Raman experiments is an argon-ion laser with a wavelength of 
514.5 nm which enters from the back in to the optical system. The laser source is 
expanded and reflected up to point D and beam expander E and directed on to a sample 
through an objective and a shutter. The light reflected from the sample is backscattered 
and collected 180° along the incident beam’s path to point D. The scattered light is 
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allowed to filter through the filter and spectrograph before reaching point C.  A 
diffraction grating separates the light and is detected at point F, which is a liquid nitrogen 
cooled CCD camera. The CCD camera is connected to a computer, and software 
algorithms are then used to interpret and plot the Raman spectra. The software can also 
perform other numerical analysis such as curve smoothing, addition or subtraction of 
spectra and other mathematical operations. 
 
4.4.2 Experiment 
  Figure 4.16 shows the experimental setup of micro-Raman spectroscopy used for 
conducting the experiments. The specimen to be tested is placed under a laser spot. A 
high resolution microscope connected to a visual output is used to accurately position the 
laser spot on the required location. The microscope is fitted with a shutter to control the 
laser exposure on the specimen. The important factors to be considered are the focus of 
the laser spot, the optical zoom, exposure time, number of exposures and the laser power. 
Each of these has to be optimized to achieve a good signal. InP as a material cannot 
withstand high laser power compared with silicon. A structure such as cantilever beams 
and membranes does not have sufficient heat dissipation capacity, hence a low power 
laser of 50 mW is used and the surface temperature of the specimen is kept below 40
o
 C. 
This helped to determine the phonon vibration without the effect of local heating. 
However the signal depends strongly on the laser power and hence to compensate for the 
low laser power, a high optical zoom of 100x is used. The number of exposures is also 
limited to two with each exposure lasting for 180 seconds. The software automatically 
plots the Raman characteristics for every excitation point.  
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                                                                        specimen                    microscope 
Figure 4.16 Micro-Raman spectroscopy setup [IMRE, A*STAR] 
 
  As part of the calibration procedure, ten measurement points are selected on a 
structure less InP wafer and the average stress values are identified. A detailed 
description of the calibration procedure and results are discussed in chapter 5.4. For the 
measurement on the membrane and cantilever beams, various measurement points in 
intervals of a few micrometers are taken.  
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5.1 Optimization of wet etching process 
 
The wet etching process concerns with the removal of sacrificial layer (InGaAs) 
and is a major step in the fabrication of a released MEMS structure. In this work, FeCl3 
(Conc) is used to remove the sacrificial layer. The process consists of optimizing various 
crucial parameters such as etching time, agitation, acid removal process, freezing time, 
drying time in the vacuum pump and the volume of water used to immerse samples. The 
etching time used is 20 mins and de-ionized (DI) water is used to remove the acid content 
in the samples. The released structure is immersed in DI water and frozen to −25°C for 
24 hours to ensure complete freezing. The volume of water used is about half the beaker. 
The frozen sample is connected to a freeze dryer or a vacuum pump for about 24 hours at 
a pressure of 0.010 mbar vacuum, and a temperature of 50
o
C. This results in sublimation 
of the frozen DI water, thus removing the water in the sacrificial layer region and forming 
an air gap. The yield of fully released structures in each sample is low and not uniform. 
Figures 5.1 and 5.2 show SEM images of fully released cantilever beams and membranes 
etched in 20 mins. The membrane structures showed the lowest yield with only a few 
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                          Micro-beam                                                    Air-gap 
                                         
Figure 5.1 SEM images of fully released cantilever beams at etching time of 20 mins 
 
                                           Membrane               suspension 
 
 
                                 
 
 
Membranes not released and stuck to the substrate due to stiction 
 
(a)                                                                                                        (b) 
 
Figure 5.2 SEM images of membranes (a) Type “D” filter (b) Type “B” filter 
 
 
Handling of samples and formation of air bubbles are also major factors which could lead 
to failure in fabrication process. From the initial experiment, the etching time and other 
fabrication factors suitable for cantilever structures are established. It is also observed 
that only smaller beams (<150 µm) length can be fabricated successfully. Though 
membrane suspensions are released, the membranes are not fully released due to stiction.  
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A method to optimize the major parameters of this process is proposed. The wet 
etching time is varied from 15 to 28 mins to study the effect of chemical reaction time on 
the release process. The variation in etching time would lead to variation in the volume of 
InGaAs compound removed. Since the pH value of the DI water is of fundamental 
importance, the number of cleaning cycles is increased by more than 50% and litmus 
paper is used to check the pH level of the DI water at regular intervals. A mild agitation 
is introduced in the cleaning process for every cycle. The agitation is carried out 
manually and is well controlled. The agitation will help in the complete removal of the 
acidic content from the very small sacrificial layer gap. To ensure complete freezing of 
DI water, the freezing time is increased by 8~10% to about 27 hours. Since the water in 
the beaker could induce hydrostatic pressure on the sample on the amount of water in the 
beaker is reduced to 1/4
th
 of its original amount. This also helped to reduce the freezing 
time. Finally the sublimation time is also varied. This timing is extremely important 
because it ensures that all the frozen water particles are removed to obtain an air gap 
beneath the membrane. The structure is prone to failure due to stiction in this stage as 
residual frozen water left in the sacrificial layer gap would melt once removed from the 
system, thus causing an immediate stiction effect. Mithilesh A. shah [109] reported the 
hydrophobic nature of InP which turns into hydrophilic and causes stiction failures in a 
free standing structure. Hence, the freezing time is increased by 200% to 72 hours while 
maintaining the temperature and pressure to remove all the frozen DI water particles.  
Figure 5.3 shows SEM images of micro-cantilevers fabricated at different etching 
times of 15, 20 and 28 minutes. SEM images of various other cantilever structures 
fabricated using the above mentioned timings are also shown in appendix B. 
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                          (a)                                                   (b)                                                     (c) 
 
Figure 5.3 SEM images of InP cantilevers fabricated at different wet etching times (a) 15 mins (b) 20 mins 
(c) 28 mins 
 
From Fig. 5.3 (a) which shows the cantilever structures fabricated at 15 minutes, 
it is clear that the structures are not fully released and are stuck to the substrate. It is also 
observed that though the majority of the cantilevers are not released, the shortest beams 
in one or two structure sets have been released. The release of the shortest beam shows 
that an etching time of 15 mins is enough only for removing a small volume of InGaAs 
sacrificial layer similar to the size of the beam.  
From Fig. 5.3 (b) and 5.3 (c), it is observed that the cantilever structures obtained 
with etching time of 20 and 28 minutes show a clear air gap and the beams are well 
released. It is seen that the cantilever beams deflect upwards at the free end. This is a 
result of induced stress which will be discussed later.  
Figure 5.4 shows SEM images of type “A” membrane fabricated at etching time 
of 15, 20 and 28 mins. Figures 5.5, Fig. 5.6 and Fig. 5.7 show SEM images of type “B”, 
“C” and “D” membranes fabricated at similar etching times. From Fig. 5.4 to Fig. 5.7, it 
is apparent that etching time of 15 mins and 20 mins are not suitable to produce fully 
released membranes. For an etching time of 15 mins, it is observed that membranes of all 
types designs are not fully released though the suspension supports for some membranes 
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are released. The overall yield for a 15 min etching time is less than 10% while the 
overall yield for 20 min etching time is around 40%. For a 28 minute etching time, it is 
seen that all types of membranes are well released and the yield is more than 60%. 
Appendix B (section 5) Figures B8~B11 shows the 2D and 3D images of membranes 
measured using the Veeco profiler. From the figures, air gap between the bottom layer of 
the released membrane and the substrate is given as 2.25 µm, 2.75 µm, 1.75 µm and 2.75 
µm for type A, B, C and D membranes respectively. 
 
       
                               (a)                                                    (b)                                                (c) 
 





        
 
                              (a)                                                        (b)                                                (c) 
 
Figure 5.5 SEM images of type “B” membrane fabricated at wet etching time (a) 15 mins (b) 20 mins (c) 
28 mins  
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From this study, it is shown that a wet etching time of 28 mins is more suitable to 
realize free standing cantilever and membrane structures. The increase in etching time 
has helped to completely remove the InGaAs sacrificial layer sticking to the InP layer. 
Though the etch rate of InGaAs in an anisotropic etchant like FeCl3 is known, this study 
has given more insight into InGaAs layer removal process. Although majority of 
structures are well released, there are still some longer cantilevers collapsed which are 
not fully released at the etching time of 28 mins. Since the process is a wet etching 
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process, other factors such as acid concentration, room and etchant temperatures also 
form a crucial role in fabrication. From the experiments, it is also clear that optimizing 
other parameters related to the cleaning and drying processes are also important. The 
structures are also observed using a Zygo interferometry profiler and Fig. 5.8 shows the 
images obtained at etching time of 28 mins which confirmed that the structures are fully 
released. SEM and zygo pictures of membrane structures are shown in appendix B. 
    
           (a)                                    (b)                                    (c)                                  (d) 
Figure 5.8 Zygo interferometry plots of the various types of membranes fabricated at a wet etching time of 




5.2  Nanoindentation 
5.2.1 Nanoindentation on silicon and sapphire substrates 
As described in the earlier chapter, nanoindentation is a micro-scale testing device 
and the accuracy of results depends on the equipment and its related parameters. In this 
work a calibration experiment of the nanoindentation system through testing on standard 
materials like silicon (1 0 0) and sapphire substrates is carried out using a Berkovich 
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Figure 5.9 Load-displacement curve of a silicon (1 0 0) substrate using Berkovich indenter 
The loading and the unloading curves do not follow the same path due to plastic 
deformation and the unloading is a release of the elastic deformation. This results in the 
formation of a residual deformation on the specimen. In Fig. 5.9, along the unloading 
curve, a pressure induced phase change is noticed which is a common phenomenon on 
crystalline silicon. During indentation tests, a pressure-induced phase transformation 
occurs to silicon and the material directly underneath the indenter first transforms to a 
metallic state during loading, and upon unloading it transforms to an amorphous structure 
or other metastable phases. The phase transformation mechanism during indentation tests 
mainly depends on the indenter shape and loading/unloading rate while the geometry and 
the size of the phase transformation region depends on the indentation load. A strong 
correlation between the indentation load and the microstructure change of silicon is also 
seen. Due to the pressure applied by the indenter the substrate behaves more elastically 





Chapter five                                                                                   Results and discussion 
 
  77 
mN. Similar load-displacement curves are obtained for the other three indented points 
and the deviation between displacements recorded from the other points is less than 1%. 
Thus the instrument shows high repeatability of results. The load-displacement curves 
obtained from the other three points on the silicon substrate are shown in appendix B 
(section 2). The unloading stiffness slope ( dhdP ), calculated by the nanoindenter 
equipment is also shown in the figures. The Young’s modulus and hardness values are 
calculated as described in chapter 3. The complete experimental results are also shown in 
appendix B (section 2). 
Figure 5.10 shows the Young’s modulus and hardness values for the four 

































 Modulus of Si
Hardness of Si
 
Figure 5.10 Young’s modulus and hardness from four indentation locations on silicon substrate. 
The top curve indicates the Young’s modulus while the bottom curve indicates the 
hardness. The results are highly consistent through out the tests and the maximum 
discrepancy (deviation from the mean value) in the Young’s modulus value is 3.9%, 
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while that of the hardness is 1.8%. The standard deviation in the values of Young’s 
modulus and hardness for silicon are 5 GPa and 0.27 GPa respectively. An average 
Young’s modulus of 178.5 GPa and a hardness of 12.3 GPa for silicon are deduced from 
this experiment. The results match well with published literatures. Schweitz [152] in his 
review of material property measurement methods noted has reported that Young’s 
modulus mean values obtained for polysilicon was between 90 and 190 GPa with 
uncertainties of 20% or higher.  




















Figure 5.11 Load-displacement curve of a sapphire substrate (Berkovich Indentation). 
Owing to its higher hardness, sapphire shows lesser penetration at the same load. At the 
same load, the deviation between displacements recorded from other loading points is 
less than 3%. From Fig. 5.11, it is observed that sapphire substrate shows a displacement 
of 841.5 nm for a load of 300 mN. The results from the experiment along with the load-
displacement curves obtained for other three points on the sapphire substrate are shown 
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in appendix B (section 2). The unloading stiffness slope ( dhdP ), calculated by the 
nanoindenter equipment is also shown in the figures. 
Figure 5.12 shows the Young’s modulus and hardness values obtained for the four 
indentation locations. The top and bottom curves in the figure indicate the Young’s 
modulus and hardness of sapphire respectively. The maximum discrepancy (deviation 
from the mean value) in the Young’s modulus value is 3%, while that of the hardness is 
1.8%. The standard deviation in the values of Young’s modulus and hardness for 
sapphire are 6 GPa and 1.8 GPa respectively. An average Young’s modulus of 431.1 GPa 
and a hardness of 28.4 GPa for sapphire are deduced from this experiment. Also the 
results agree well with results published [153]. This experiment has been highly 
successful in terms of defining the accuracy of the system. The Berkovich test yielded a 





































Figure 5.12 Young’s modulus and hardness values for the four indentation locations on sapphire substrate. 
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5.2.2 Nanoindentation on InP substrate 
5.2.2.1 Berkovich tip indentation test 
A standard Berkovich nanoindentation test is carried out on InP n-doped layer. In 
the substrate area, the sacrificial layer beneath the n-doped layer (thickness = 1µm) is not 
removed during the etching process. Since the InGaAs and the InP layers are lattice 
matched well, the multilayered structure is as good as a single substrate. This signifies 
that the presence of InGaAs layer will not affect the structural strength of InP layer.  As 
described in the earlier chapter, the experiment included loading the substrate with loads 
of 1 mN, 2 mN, 5 mN and 10 mN and the corresponding displacement is captured. The 
unloading stiffness S , Young’s modulus E and hardness h for every indentation cycle are 
computed by the nanoindenter equipment at every loading point. The computation 
procedure is explained in chapter 3 (Section 3.2.2). Figures 5.13 (a) and (b) show the 
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Figure 5.13 Load-displacement curves obtained at five different loading points on InP n-doped layer using 
Berkovich tip at (a) 5mN (b) 10mN. 
 
The experiment is conducted at five different loading points (Points1~5) on the 
InP n-doped layer. The load-displacement characteristics for the different points are 
highly uniform and show good repeatability. There is also no abnormal behavior noticed 
during the experiment which shows the stability of the system. For a load of 1 mN, the 
peak loading and holding timings are 20 seconds and 10 seconds. Similarly the peak 
loading time is varied for loads 2 mN, 5 mN and 10 mN as 40 seconds, 100 seconds and 
200 seconds respectively. The increase in displacement with load is not linear. At 5 mN 
load, the deviation between displacements at loading points was less than 3% with a 
standard deviation of 2.22 nm. Similarly at load of 10 mN, the deviation between 
displacements among the different loading points is 2% with a standard deviation of 2.1 
nm. For loads 1 mN and 2 mN, the deviation of displacement values is less than 2%.     
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From Fig. 5.13, it is observed that the Berkovich indenter had a maximum 
displacement of 209 nm and 303.5 nm at 5 mN and 10 mN respectively. The load-
displacement curves obtained at 1 mN and 2 mN are shown in Appendix B (section 2). 
The unloading stiffness slope ( dhdP ) calculated by the nanoindenter equipment is 
shown in table B3. 
The values of modulus and hardness are also calculated using the analytical 
expressions shown in chapter three. The geometry of the perfect Berkovich tip (Eq. (3.5)) 
is used to compute the contact area and subsequently the elastic modulus and hardness in 
the analytical calculations. This work is to identify the deviation in the assessment of 
contact area by the indenter probe to that of the ideal perfect geometry. From the load-
displacement curve, the values of maximum displacement, load and contact stiffness S at 
the start of the unloading cycle are determined. Using equation (3.18), contact depth ch is 
calculated using the above calculated values along with intercept correction factor ε . 
(Berkovich tip, 75.0=ε ). The projected area of the tip, A  and the indentation modulus, 
*E are calculated using equations (3.5) and (3.2) respectively. Finally using the equations 
(3.3) and (3.8), Young’s modulus and hardness of InP can be identified. The Poisson’s 
ratio, υ  of InP is taken as 0.36. A sample calculation of the Young’s modulus and 
hardness values is shown in appendix B (section 3). 
The results of Berkovich static tests on InP n-doped layer are shown in Fig. 5.14. 
Figure 5.14 (a) shows the Young’s modulus obtained both experimentally and 
analytically and Fig.5.14 (b) shows that of the hardness values. The analytical data curve 
in both Fig. 5.14(a) and 5.14(b) closely follow the trend of the experimental data. The 
data also remain fairly constant throughout the experiment after an initial deviation at a 
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Figure 5.14 Variation between experimental and analytical results of InP (a) Young’s modulus (b) hardness 
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In a static nanoindentation experiment, the contact area between the indenter and 
the substrate varies continuously as the load is applied. From this experiment, an average 
Young’s modulus of 97.1 GPa with a standard deviation of 0.68 GPa and average 
hardness of 6.83 GPa with a standard deviation of 0.71 GPa are obtained. The 
experimental values obtained also correlate well with those reported by Pruessner [114]. 
From the analytical calculations based on the perfect indenter area function (A), the 
theoretical average value of Young’s modulus of InP is deduced as 86.68 GPa, while the 
hardness is about 7.6 GPa. Considering the experimental results, it is seen that the scatter 
of experimental values from the mean value is less than 1% and hence shows excellent 
repeatability of the test. The deviation in values is due to the anisotropy factor of InP due 
to which the properties measured along individual crystalllic orientations cannot be 
measured accurately. It is also noted that there are some discrepancies between the 
experimental and analytical results. The average deviation is around 10%. The 
measurement of the continuously varying contact area and the indenter material constants 
by the machine are the possible reasons.  The analytical equations cannot model the 
contact area and the experimental and analytical data shows differences in contact area 
measured. Since the deviation is consistent through out the experiment, it shows that the 
equipment is well calibrated and the deviation is an inherent property and signifies the 
peculiar behaviour of indenting material.  
 
5.2.2.2 Spherical tip indentation test 
A static nanoindentation experiment on InP n-doped layer using a spherical 
indenter of tip radius 5 µm is also carried out. Spherical indenters are becoming quite 
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popular in nanoindentation test, since they could reveal the transition from elastic to 
elastic-plastic contact better than Berkovich tip. The substrate was subjected to loads of 
1mN, 2 mN, 5 mN and 10 mN with two indentation locations for each load and the 
corresponding displacement is captured. The parameters of the spherical tip such as the 
tip radius, area function and area co-efficient are the inputs to the system. The equipment 
calculates the unloading stiffness S  for every indentation cycle. The peak loading time 
was varied for loads 1 mN, 2 mN, 5 mN and 10 mN as 20 seconds, 40 seconds, 100 
seconds and 200 seconds respectively.  























Figure 5.15 Load-displacement curves using spherical indenter from two indent locations at 10 mN load 
 
 
The experiment is conducted at two locations (Points1 and 2) on the InP n-doped layer. 
The gap between the loading and unloading curve is small, unlike the Berkovich test 
which indicates less plastic deformation taking place with the spherical indenter.  The 
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load-displacement variation is consistent within the two loading points. Figure 5.14 
shows a maximum displacement of 94.5 nm at 10 mN load. The deviation between 
displacements values measured at two loading points is less than 0.5% with a standard 
deviation of 0.365 nm.  
Figure 5.16 shows the load-displacement curves obtained using the spherical and 





















Figure 5.16 Load-displacement curves obtained using the spherical and Berkovich indenters at load 10 mN 
on InP n-doped layer 
The spherical indentation curve also shows a nonlinear displacement relation with 
load. The substrate also undergoes less plastic deformation and thus there is no 
significant change between the loading and unloading curves. In contrast to the 
Berkovich test, the loading and unloading curves diverge significantly during unloading 
due to large plastic deformation. The maximum indention depth in the Berkovich test is 
about 300 nm which is much higher than the maximum depth of 95 nm obtained in the 
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spherical test. The relatively lower plastic deformation and lesser surface penetration  in 
the spherical test is attributed to the profile of the spherical tip which does not penetrate 
as much compared to the pointed tip at the same load. A sharp tip like the Berkovich 
creates a large shear stress under the tip, while the blunt spherical tip causes more 
compressive stress than shear. Also the blunt tip pushes more material to the side rather 
than piercing through the substrate, which explains the reason for a lower substrate 
displacement during the spherical indentation.  
The values of Young’s modulus and hardness are calculated using analytical 
expressions explained in chapter three (section 3.2.2). The calculation procedure is 
explained appendix B (section 3). The projected area of the tip A  (Equation (3.6)) and 
the intercept correction factorε  are different from that Berkovich tip since the tip profile 
is different. Refer to Table 3.1 for the projected area expression and the intercept 
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Figure 5.17 Analytical results of a spherical tip indentation on InP n-doped layer 
 (a) Young’s modulus (b) Hardness 
The results of spherical indenter tip indentation test are shown in Fig. 5.17. 
Figures 5.17 (a) and (b) show the variation of Young’s modulus and hardness values 
respectively. From Figures 5.17 (a) and (b), it is seen that the elastic modulus and the 
hardness values tends to increase with load. The probe response and the initial settling 
phase of the equipment attribute to the variation of results. Comparing the analytical 
results obtained using the spherical and Berkovich tips, it is seen that the Young’s 
modulus value is higher by 18% in case of the spherical indenter. The variation is 
attributed to the high unloading stiffness S and larger area of contact A for a spherical tip. 
At the same load, the spherical tip penetrates less than the Berkovich tip, which induces a 
higher stiffness at the start of the unloading cycle. Also the tip shows a larger contact area. 
The increase in unloading stiffness and contact area increases the value of indentation 
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modulus *E and thus the Young’s modulus. An average Young’s modulus and hardness 
value of 101.06 GPa and 4.2 GPa respectively is deduced. 
 
5.2.3 Beam bending test 
In the beam bending, the nanoindenter is used to apply a point load to the 
microbeams and its load-displacement characteristics are captured (see Fig.4.10). Figure 
5.18 shows the load-displacement characteristics of a bending test on a microbeam. 
Loading point-2 shows a higher displacement than point-1. On both the loading points, a 
change in linearity in their load-displacement curves is observed. There are two distinct 
linear regions with a change in slope after a certain threshold value. Both loading points 
show similar displacement trend.  
At point-1, for a load of 0.03 mN, the deformation is 80 nm, whereas in the 
second part of the loading curve, the displacement increased by 70 nm for an increase in 
load of 1.97 mN. The slopes of both lines also appear identical, which indicates that the 
stiffness at both locations is similarly placed with point-2 having higher displacement for 
the same load range. Computing the displacement values between 0.04 mN and 0.06 mN, 
the slopes ( dhdP ) are computed as 0.0012 mN/nm and 0.0004 mN/nm at point 1 and 2 
respectively. It is evident that the bottom surface of the beam touches the substrate and 
subsequently changes the bending behaviour. After that there is no significant change in 
displacement with load. Once the tip of the beam touches the substrate the bending of the 
undercut in the cantilever substrate may also take place. Though the designed gap 
between the bottom surface of the beam and the substrate is 1.55 µm, the nanoindenter 
probe is not able to sense the bending of the beam until it reaches close to the substrate.  
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This is due to the fact that the stiffness of the beam against which the indenter 
probe force is applied is very low and thus does not respond to the sensitivity of the probe. 
But once the bending beam reaches near the substrate, the stiffness of the beam increases 
and is strong enough to indicate the force applied on to the probe. Only from this point, 
the indenter starts recording the displacement characteristics. Thus it is seen that the 






















Figure 5.18 Load-displacement characteristics obtained from the bending tests on the microbeam 
The second point shows a longer linearity range. As point-1 is nearer to the support, it 
shows a lower threshold displacement. On unloading both loading points show similar 
linear unloading characteristics. The unloading curve shows the occurrence of plastic 
deformation, and the beam does not regain its original shape as the release of the elastic 
deformation is low. This is due to Van der Waal’s forces between the beam and the 
substrate preventing the beam to move up once the load is removed. At point-1, a 
(Stiffness    
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maximum deflection of 150.68 nm is recorded for a load of 0.19 mN, while the 
corresponding value for loading point-2 is 292.4 nm at a load of 0.2 mN which occurred 




























Figure 5.19 Linearised loading curves obtained from Beam bending test on InP microbeam 
Figure 5.19 shows the linearised loading curves obtained using least square 
method from the beam bending test on the two points and are represented by the 
following equations.  
9168.18.2088 += xy       (5.1) 
263.156.3312 += xy        (5.2) 
Figures 5.20 (a) and (b) represent the linearised unloading curves obtained from 
bending test at loading points 1 and 2 respectively. Assuming the unloading curve to be a 
pure elastic release and interpolating from the linear curve, the average Young’s modulus 
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for both the loading points can be calculated. The respective linearised unloading curve 
equations for the first and second loading points are represented by  
7821.10131.0 −= xy        (5.3) 
           7069.20099.0 −= xy        (5.4) 
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Figure 5.20 Linearised unloading curves obtained from bending test at (a) Loading point 1  
(b) Loading point 2 
 
Through the use of classical beam bending equation, the average value of 
Young’s modulus at loading point-1 and 2 are calculated as 76.5 GPa and 83.5 GPa 
respectively. The average Young’s Modulus E value during the loading cycle at points 1 
and 2 is calculated as 80.1 GPa. The average values of Young’s modulus during 
unloading for the first and second loading points are 77.5 GPa and 89.3 GPa respectively 
and the average value during elastic unloading is 83.4 GPa. It is seen that there are 
discrepancies of results within the two loading points and also between loading and 
unloading cycles. The deviation in values between the loading points is due to variation 
in the stiffness of the beam at different locations and the inaccuracy in positioning of the 
loading tip. This could lead to a change in bending properties with respect to load and 
position. The discrepancies of the results are also due to uncertainties in boundary 
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condition, geometry, pre-stress and equipment response. The beam clamping region, 
which exhibits an undercut, makes it difficult to depict the exact boundary conditions. 
The deviation in the elastic modulus of InP is also attributed to the error associated with 
the measurement of the effective length. The positioning system of the nanoindenter 
allows movement along two perpendicular horizontal axes with a lateral displacement 
accuracy of 1 µm. For the typical loading point distance employed in the tests, a 
deviation in position control could result in a %6~3± difference in Young’s modulus. 
The variations in geometry of the beam introduced during dry and wet etching could also 
contribute about ±5% deviation in Young’s modulus value. 
Though the above description has elaborately discussed the various factors 
affecting the accuracy of results, it is observed that there is not much deviation between 
the results either between the loading points or between the loading and unloading curves. 
The variation of Young’s modulus calculated between the loading curves of point-1 and 
point-2 shows less than 2%. Similarly the variation between values calculated from the 
unloading curves is less than 7%. Thus this leads to an overall discrepancy of less than 
4% in the Young’s modulus value calculated between the two loading points. This data 
also matches well with the results reported by M. Pruessner [114].  
The beam bending tests provided the motivation to study further on the bending 
characteristics of InP cantilevers such as effect of load holding time on beam stiffness. 
Generally, ductile materials exhibit the mechanical properties of time-dependent and 
permanent deformation when subjected to a constant load or stress, which means that the 
strain response of the materials under an applied stress depends on the time-scale and the 
applied loading. So through this test, an effort towards understanding the time-dependent 
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loading of InP cantilevers is made. A InP cantilever beam of length 100 µm is used for 




















































Figure 5.21 (a) Load Vs Displacement during bending test with different holding time intervals. 
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The holding time is varied from 10 seconds to 25 seconds in steps of 5 seconds 
for a constant load of 0.2 mN. Figure 5.21(a) shows the load-displacement characteristics 
of an InP cantilever beam. In Fig. 5.21(a), it is observed that on loading the beam, the 
load-displacement characteristics are similar to that shown in Fig. 5.18 with two distinct 
linear regions showing an increase in stiffness after a certain threshold displacement. The 
beam contacts the substrate and subsequently leads to a change in bending behaviour. On 
unloading a similar trend is observed. The bending behaviour is similar for different 
holding times. Fig. 5.21 (a) indicates that the reloading curve envelops the unloading 
curve in a “hysteresis loop”, which indicates an energy variation and the unloading 
recovery behaviour become dominated by the non-linearity instead of elastic linearity. 
This results in the beam stiffness of reloading cycles larger than that of the first loading 
cycle. As the unloading strain level increases, the unloading modulus keep increasing, 
which is attributed to the permanent strain imposed in the material. Creep test on micro-
cantilever beams indicates that the beam stiffness will increase and approach a constant 
till the yield point occurs [154]. 
Figure 5.21 (b) illustrates the change in displacement change during the holding 
time. The top curve shows the change in displacement for a holding time of 15 seconds, 
while the middle and bottom curves indicate the displacement variation for holding time 
intervals of 20 seconds and 25 seconds respectively. According to the theory of bending 
of beams, the strain ε can be expressed as a function of the beam geometries (equivalent 
length L and thickness t ) and displacement (ν ). So if the creep behavior occurs, the 
deflection as well as the strain of the cantilever will vary with loading time, even though 
the applying load is a constant [154]. It is observed that the displacement for the same 
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load decreases with an increase in holding time. The increase in holding time from 15 s to 
20 s showed an increase in contact stiffness from 0.73 N/nm to 0.79 N/nm. The stiffness 
increased to 0.80 N/nm for a holding time of 25 s.  
 
5.2.4 Continuous Stiffness Measurement (CSM) technique 
The CSM technique is a dynamic testing mechanism. In this thesis, results of 
CSM technique on silicon, sapphire and InP substrates are reported. The parameters 
essential to conduct this experiment are explained in chapter four. Equations (3.9) and 
(3.10) explain the characteristics of load and the resulting displacement in this technique. 
Equation (3.11) is used to identify the combined stiffness in the system, which is further 
used to identity contact area A  of the tip. The chapter also explains the calculation of 
Young’s modulus and hardness using the above mentioned values. 
 
5.2.4.1 CSM tests on silicon and sapphire substrates 
As part of the calibration exercise, CSM tests are also conducted on silicon and 
sapphire substrates. The displacement is limited to 1 µm and the indenter tip penetrates 
the substrate up to a limit set. A sinusoidal load is applied on top of the normal load.  
The experiment is repeated on four indentation locations and the unloading stiffness S , 
Young’s modulus E and hardness H for every indentation cycle are calculated. Figure 
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Figure 5.22 Load-displacement curve obtained using the CSM technique on silicon substrate 
 
Similar to that of the static indentation test, the loading and the unloading cycles 
are very uniform. Along the unloading cycle, a pressure induced phase change is also 
observed which is very similar to the results obtained using the static test. A maximum 
load of 197 mN is required to reach the displacement limit of 1 µm. The experimental 
deviation between several loading points is less than 2%.  
Figure 5.23 (a) and (b) show the variation of Young’s modulus and hardness with 
respect to displacement during the dynamic tests on silicon substrate. The experimental 
results of Young’s modulus and hardness values computed by the nanoindenter are 
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Figure 5.23 (a) CSM test results showing variation of Young’s modulus on silicon substrate. 
 (b) CSM test results showing variation of hardness on silicon substrate. 
 
The Young’s modulus and hardness values are calculated continuously using the 
dynamic parameters and represented as a function of displacement into the substrate. The 
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elastic modulus variation curve in Fig. 5.23 (a) is fairly constant. Since the initial 
displacement phase can be erroneous due to the fact that the indenter tip may not be 
exactly interacting with the substrate, the displacement range is selected from 200 nm for 
calculation. The variation of elastic modulus as shown in Fig. 5.23 (a) is calculated over a 
displacement range from 200 nm~900 nm. The variation between the calculated values 
within the range specified is less than 10%. Similarly the hardness variation curve shown 
in Fig. 5.23 (b) is very smooth and uniform without much deviation. The hardness values 
are again calculated over the same range of displacement as that of Young’s modulus. 
The deviation among calculated values of hardness within the specified displacement 
range is less than 2%. The CSM technique test on silicon substrate calculated a Young’s 
modulus value of 181.10 GPa, while the hardness value was 12.9 GPa over the specified 
displacement range. The CSM test also yields the values of elastic modulus and hardness 
during the unloading and the value of Young’s modulus and hardness calculated are 
181.2 GPa and 12.9 GPa respectively. These values matches well with the values 
calculated using the previous method and the deviation is less than 1% for the modulus 
and hardness values. These results when compared with the results obtained from the 
static indentation experiment, the deviation is less than 2% for both elastic modulus and 
hardness. It is clear that there is not much variation in values between the CSM dynamic 
test and the values matches well with results obtained with the previous experiments. In 
nanoindentation tests, discrepancies in values are possible as the tests are highly localized 
and there are a lot of chances that the tip could have been interacting with dusts of several 
nanometers in dimension. But in the results obtained the low deviation shows that the 
experiment was stable and accurate.  
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  Figure 5.24 shows the load-displacement curve obtained using the CSM test on 






















Figure 5.24 Load-displacement curve obtained using the CSM technique test on sapphire substrate 
The loading and the unloading cycles are similar to that of the static indentation 
test. The rate of displacement with load behaves similarly to the static test. A maximum 
load of 400 mN was required to reach the displacement of 980 nm. Similar experiments 
were conducted on four other indentation points. Similar characteristics are observed on 
all loading points and there is little deviation between the loading points in terms of their 
load-displacement relationship. The experimental results of Young’s modulus and 
hardness values calculated at various loading points using CSM technique are shown in 
appendix B (section 4). 
 Figure 5.25 (a) and (b) show the variation of Young’s modulus and hardness with 
respect to displacement during dynamic tests on the sapphire substrate.  
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Figure 5.25 (a) CSM test results showing variation of Young’s modulus on sapphire substrate 
 (b) CSM test results showing variation of hardness on sapphire substrate 
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The Young’s modulus and hardness values are calculated continuously using the 
dynamic parameters and represented as a function of indentation into the substrate. The 
elastic modulus variation curve in Fig. 5.25 (a) remains fairly constant through out the 
experiment. The variation of elastic modulus as shown in Fig. 5.25 (a) is calculated over 
a displacement range from 200 nm~900 nm. The variation between the calculated values 
within the range specified is about 25%. The hardness variation curve shown in Fig. 5.25 
(b) is smooth and decreases with an increase in displacement. The hardness values are 
again calculated over the same range of displacement as that of Young’s modulus. The 
deviation among calculated values of hardness within the specified displacement range is 
less than 3%. On the other loading points, the deviations are in a similar range, which 
shows the repeatability of the experiment. The CSM technique test on sapphire substrate 
shows an average Young’s modulus and hardness values of 460.05 GPa and 30.75 GPa 
respectively. The variation in elastic modulus and hardness between the values of various 
loading points was less than 5%. The average value of Young’s modulus and hardness 
calculated from the unloading curve are 422.12 GPa and 26.8 GPa respectively. These 
values show a discrepancy of less than 10% when compared to the values obtained during 
loading. The variations represent the values obtained from the loading and unloading 
curves.  
These results when compared with that obtained from static indentation 
experiment show a minimum discrepancy. It should be noted that a substrate like 
sapphire which is anisotropic can show different results when indentation is performed on 
different planes. This is seen clearly in the initial result where the elastic modulus and the 
hardness values vary with displacement. The response of the indenter tip with increasing 
Chapter five                                                                                   Results and discussion 
 
  104 
penetration is based on the plane of action. However as shown by the repeatability and 
acceptable deviation in the results obtained, the experiment has shown to be stable and 
reliable. 
 
5.2.4.2 CSM test on InP n-doped layer 
Figure 5.26 illustrates the load-displacement relation obtained through experiment on an 



















Figure 5.26 Load-displacement variation on InP n-doped layer obtained using the CSM technique 
The load-displacement relation shown is similar to that of the static test and the 
maximum displacement is limited to 300 nm. Similar experiments are also conducted on 
four other points on the InP n-doped layer. Owing to its low hardness value, InP layer 
shows a high penetration depth compared to silicon and sapphire for the same load. A 
load of 10 mN is applied to penetrate through InP for 300 nm.  
 Figure 5.27 (a) and (b) show the variation of Young’s modulus and hardness with 
displacement. Figure 5.27 (a) shows the variation of Young’s modulus value calculated 
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using the CSM technique for a displacement range of 100~200 nm. The variation is 
uniform and stable, though there is slight unevenness. From the results presented in Fig. 
























































Figure 5.27 (a) CSM test results showing variation of Young’s modulus on InP n-doped layer 
 (b) CSM test results showing variation of hardness on InP n-doped layer 
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The deviation is similar at all loading points. The hardness value variation curve 
shown in Fig. 5.27 (b) also behaves similarly with that of Young’s modulus. A deviation 
of 1% is observed within the hardness value. An average Young’s modulus value of 
90.12 GPa and a hardness value of 6.41 GPa is calculated for the InP n-doped layer. The 
standard deviation is 1.59 GPa and 0.25 GPa for elastic modulus and hardness values 
respectively. This shows that CSM technique has good repeatability. The Young’s 
modulus and the hardness values calculated from the unloading cycles are 90.77 GPa and 
5.8 GPa respectively. The variation between the values calculated from the loading and 
the unloading curves are around 1%. This when compared with the results obtained from 
the static experiment explained in chapter 5.2.2.1, the deviation is less than 10%.  The 
CSM technique of nanoindentation proves to be a highly accurate and reliable method of 
identifying important mechanical properties. The Young’s modulus and hardness value 
obtained at various loading points are shown in appendix B. 
Figure 5.28 summarizes the mechanical properties characterized by means of 
nanoindentation and bending tests for InP, silicon and sapphire. In case of InP, there is a 
discrepancy in the Young’s modulus value obtained through different experimental 
means. The static and the dynamic substrate indentation experiments show a deviation of 
8%. The deviation could be attributed operating parameters and evaluation methodology. 
The deviation between experimental results on substrates is low and consistent. The 
indentation method penetrates into the substrate, while the beam bending test is intended 
just to bend the structure against its stiffness. It is seen that the Young’s modulus value 
determined through bending test of a free standing structure is less than the substrate 
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indentation value. Both silicon and InP exhibit such a property [114, 144]. From the 
experimental results, it is seen that InP is better than silicon in terms of hardness (H) to 
Young’s modulus (E) ratio (H/E ratio) (silicon: 0.068, InP: 0.07), which indicates that 
InP has a better hardness characteristics.  
 
Results 







Modulus  Hardness 
     Gpa Gpa Gpa Gpa 
1 
Static Berkovich 
Indentation n-doped 97.1 6.8 86.68 7.6 
2 
Static Spherical 
Indentation n-doped ***   *** 101.06 4.2 
3 
Static Berkovich 
Indentation Silicon 178.5 12.3 ***  ***  
4 
Static Berkovich 
Indentation Sapphire 431.1 28.4 ***  ***  
  
Beam bending 
tests           
1 
Loading curve 
analysis n-doped ***  ***  80.1 ***  
2 
Unloading curve 
analysis n-doped ***  ***  83.4 ***  
  
CSM-Dynamic 
Tests           
1 
CSM-Berkovich 
indentation InP          
  Average Value n-doped 90.1 6.4 ***  ***  
  Unloading curve n-doped 90.8 5.8 ***  ***  
  
CSM-Berkovich 
indentation Silicon         
  Average Value Silicon 178.9 12.9 ***  ***  
  Unloading curve Silicon 181.2 12.1 ***  ***  
  
CSM-Berkovich 
indentation Sapphire         
  Average Value Sapphire 455.9 29.6 ***  ***  
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Figure 5.28 Summary of mechanical properties deduced through the various experimental and 
analytical methods using nanoindentation on InP, silicon & sapphire (a) Table (b) Young’s 
modulus (c) Hardness 
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The development of microsystems can be greatly increased by the integration of 
optically active parts with electromechanical transducers, producing the micro-opto-
electro-mechanical system (MOEMS). In this context, III–V compound semiconductors 
like GaAs or InP offer a number of material-based and technological advantages while 
the application of silicon being limited. Also looking from the mechanical strength point 
of view, InP also offers enough robustability withstanding high stress and loads. It is 
clear that InP is a promising material for MOEMS devices with niche applications, while 
silicon has its inherent advantages of compatibility with IC integration, ease of 
manufacture and low cost. 
5.3 Residual stress measurement using white light interferometry 
In this study, vertical scanning interferometry technique is used to measure the 
three dimensional profile of cantilevers and membranes, thereby quantifying their stress 
values. Figure 5.29 shows the cantilevers (etched for 28 minutes) measured using white 
light interferometry. Fig. 5.29 (a) shows the top view of the sample while Fig. 5.29 (b) 
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(b) 
Figure 5.29 Results from vertical scanning interferometry technique (a) Top view of the micro-cantilever 
sample (b) Three dimensional plot of the cantilevers 
 
From Fig. 5.29 (b), it is seen that not all cantilevers are fully released. The 
majority of the beams have collapsed due to stiction. Figure 5.30 shows a top view of the 
fully released cantilevers. Lines 1~4 represent the cantilevers of length 200 µm, 250 µm, 
300 µm and 400 µm respectively.  
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Figures 5.31 (a), 5.31(b), 5.31(c) and 5.31(d) show a cross-sectional profile or the 
out of plane displacement of the cantilevers of length 200 µm, 250 µm, 300 µm and 400 
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The cantilevers deflect vertically upward and increase with the length of the 
cantilevers. The maximum displacements are 8 µm, 10 µm, 11.5 µm and 13 µm for 
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lengths of 200 µm, 250 µm, 300 µm and 400 µm respectively. The structure becomes less 
stiff as the length increases and residual stresses causes maximum deflection in the 
longest beam. The curvature enables measurement of stress and strain gradients through 
the thickness of the material.   
The stress and strain gradients of InP cantilevers are calculated using the 
measured displacement values. Table 5.1 shows the stress and strain gradients of the 
cantilevers calculated using equations (3.22) and (3.23). Young’s modulus E of InP is 
taken as 6.106x10
4
 MPa [155]. 





  µm µm µm
-1
 MPa/µm 
1 200 8 0.0002000 12.212 
2 250 12 0.0001920 11.723 
3 300 11.5 0.0001278 7.802 
4 400 13 0.0000813 4.961 
 
Table 5.1 Stress and strain gradients of free standing InP cantilevers 
For a cantilever of length 200 µm, the stress gradient is 12.2 MPa/µm, while for a 400 
µm length, the stress gradient is only 4.96 MPa/µm. This is due to the fact that the 
upward displacement is not proportional to the increase in length. So though the upward 
deflection is less, structures with lesser length tend to have higher stress gradient.  
Cantilevers are required to have small deflection, in order to lower the stress 
gradient. A high stress gradient would lead to failure. Mithilesh A. shah [109] in their 
experiments on InP cantilevers have reported a stress gradient of 16.32 MPa/µm, while M. 
Pruessner [114] in the experiments on InP double clamped beams reported a stress 
gradient of 4.06 MPa/µm. The low stress gradients are also due to proper boundary 
conditions of the beam in addition to low fabrication stresses.  
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5.3.1 Membrane curvature measurement using white light interferometry 
The four designs of optical filters described in chapter four are measured using 
white light interferometry to identify the membrane curvature/profile. Figure 5.32 (a-d) 
shows SEM and white light interferometry plots of four types InP based MOEMS devices. 
The cross-sections of these devices are represented as “A-A” and “B-B”. The mid-span 
positions of the cantilever suspensions are marked as “a”, “b”,”c” and “d” on sections AA 
and BB. The positions represent approximately the middle part of the suspension. Profile 
measurement results of the membranes using Veeco profiler are shown in appendix B.  
                  a             c 
   
                                  d             b 
(a) 
                                 a              c 
 
                                    d            b 
(b) 
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                                   a           c 
                      
                                  d               b 
(c) 
                                     a        c 
                 
                                   d          b 
(d) 
Figure 5.32 SEM and interferometry plots of four designs of free-standing InP 
Membranes showing the measurement cross-sections “A-A” and “B-B” 
(a) Type “A” or square membrane (b) Type “B” or circular membrane 
 (c) Type “C” or quad-leg membrane (d) Type “D” or Split-beam membrane. 
    
              (a)                                (b)                                 (c)                              (d) 
Figure 5.33 Sectional details representing the cantilever suspensions and central membrane along sections 
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  Figure 5.33 shows the configuration used to define the cantilever sections and 
central membrane in the four types of membranes along the cross sections “AA” and 
“BB”. The cantilever suspensions are represented by suffixes “1~4”. Suffix “1 and 2” are 
used to define suspensions along section “AA”, while suffix “3 and 4” are used to define 
suspensions along cross-section “BB”. E.g. In design “A” type membrane, the cantilever 
suspensions along section “AA” is identified as “A1 and A2”, while the central 
membrane is identified as “AM”. The cantilever sections along section “BB” are named 
as “A3 and A4”. 
  Figure 5.34 (a) shows the out of plane deflection of type “A” membrane measured 
along section “AA”, while Fig. 5.34 (b) shows the membrane deflection along section 
“BB”.  The mid-span positions of the cantilever sections along the sections “AA” and 
“BB” are also shown as “a” ,“b”, ”c” and “d”. Refer to Fig. 5.32 (a) for mid-span 
locations.        
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                                                     c                                 d   
 
(b) 
Figure 5.34 Out of plane deflection of type “A” membrane measured along cross-sections  
(a) Section “AA” (b) Section “BB” 
                                                                                                      
                Type “A” membrane has a central square membrane of side 100 µm and 
suspension length (A1 and A2) of 55 µm. Fig. 5.34 (a) shows that the profile of the 
membrane is smooth except for the noise in measurement. The cantilever suspensions 
tend to deflect upwards and the presence of the central membrane limits the out of plane 
deflection. Also the middle span of the cantilever suspensions A1, A2, A3 and A4 show 
the highest deflection. The upward deflection of the cantilevers is caused by a positive 
stress gradient arising from the bottom of the membrane suspension which may inhibit a 
tensile stress. The negative stress gradient prevalent in the central membrane causes it a 
downward deflection and thus forms a concave shape. This shows that the central 
membrane experiences an exactly opposite stress distribution than the suspensions. But 
A3 
A4 
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an elongation in the length of the suspension cantilevers due to release of stress may 
cause a compressive effect to the central membrane.  A deflection of 0.12 µm and 0.1 µm 
are measured at the supporting cantilever suspensions at A1 and A2 respectively along A-
A. The central membrane specified as AM shows a deflection of 0.4375 µm.   
  Along B-B, the profile shown in Fig. 5.34 (b) is similar to the profile along 
AA and by and large symmetrical. The cantilever suspensions (A3 and A4) show a 
maximum deflection at its mid-span and the central membrane (AM) show a large 
downward deflection. The reason for such a profile will be explained in the later section. 
The cantilever suspension deflections are 0.1 µm and 0.075 µm on section A3 and A4 
respectively. These values when compared with the profile of section AA show a 
deviation of 20%. The central membrane deflection along BB is about 0.45 µm.  The 
variation of this value from section AA is less than 3%. This shows that the membrane 
deflection is highly symmetric along its cross-sections. 
 Figure 5.35 (a) shows the out of plane deflection of type “B” membrane or the 
circular membrane measured along section “AA”, while Fig. 5.35 (b) shows the 
membrane deflection along section “BB”. The cantilever suspensions are of length 85 µm, 
while the diameter of the central membrane is 80 µm. The mid-span positions of the 
cantilever sections along the sections “AA” and “BB” are also shown as “a” ,“b”, ”c” and 
“d”. Refer to Fig. 5.32 (b) for mid-span locations.        
 As shown in Fig. 5.35 (a), along AA, type ”B” membrane shows a convex 
profile for the cantilever suspensions B1 and B2 with the maximum deflection at its mid-
span. The central membrane shows a downward deflection similar to type “A” membrane. 
The deflection profile is symmetrical about the center. 
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                                            a                                                  b 
                                                                                                    
 
(a) 
                                                      c                                          d 
 
(b) 
Figure 5.35 Out of plane deflection of type “B” membrane measured along cross-sections  
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 The circular membrane has a smaller area than the square membrane hence 
requires a longer suspension and induces higher deflection. Along A-A, a maximum 
deflection of 0.2125 µm and 0.1375 µm is measured on the supporting cantilever 
suspensions at its mid-span, while the central membrane has a deflection of 0.1625 µm. 
 Along B-B, the profile shown in Fig. 5.35 (b) is similar to the profile 
measured along AA. The cantilever suspensions sections B3 and B4 and the central 
membrane (BM) show a maximum deflection at its middle part .There is an observable 
deviation between the curvatures obtained at B2 and B4. The deviation in the curvature 
could be due to an uneven stress formation in the structure. The profile is similar and 
symmetrical about cross-sections AA and BB. Along B-B, the deflection values of the 
cantilever suspensions (B3 & B4) and the central membrane (BM) are equally posed at 
0.175 µm. This deviates from the values obtained along section AA by less than 20% in 
the cantilever suspensions and by 5% in the central membrane. The deviation between 
behaviour of cross sections A-A and B-B is due to uneven thickness of the fabricated 
layers. 
 Figure 5.36 (a) shows the out of plane deflection of type “C” membrane 
measured along section “AA”, while Fig. 5.36 (b) shows the deflection along section 
“BB”.  The mid-span positions of the cantilever sections along the sections “AA” and 
“BB” are also shown as “a” ,“b”, ”c” and “d”. Refer to Fig. 5.32 (c) for mid-span 
locations. The membrane has suspension lengths of 97 µm, while the central membrane is 
a small square of side 56 µm.  It is apparent as shown in Fig. 5.36 (a) that the supporting 
suspensions (C1 and C2) show a huge deflection, while the central membrane (CM) 
shows a lower deflection.         
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Figure 5.36 Out of plane deflection of type “C” membrane measured along cross-sections  
(a) Section “AA” (b) Section “BB” 
 
 The smaller central membrane does not effectively restrict the deflections of 
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deflection of the cantilever suspensions could also affect the stress levels and the out of 
plane deflection of the central membrane. The cantilever deflections are 0.65 µm and 0.5 
µm with a central membrane deflection of 0.1 µm.  
 Along B-B, in Fig. 5.36 (b), the surface profile is similar to that of A-A. The 
cantilever suspensions show a high deflection, while the central membrane shows a low 
deflection. Cross-section BB shows a suspension deflection of 0.5 µm (both C3 and C4) 
and a central membrane deflection of 0.04 µm. The deviation between sections AA and 
BB show a maximum variation of 30% between the deflection values of suspensions, 
while the central membrane shows a variation of 50%. The deviation in the deflection 
values of the cantilever suspensions confirms the presence of non-uniform stresses in the 
membrane.  
 Figure 5.37 (a) shows the out of plane deflection of type “D” membrane 
measured along section “AA”, while Fig. 5.37 (b) shows the deflection along section 
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(b) 
Figure 5.37 Out of plane deflection of type “D” membrane measured along cross-sections  
(a) Section “AA” (b) Section “BB” 
 
 The mid-span positions of the cantilever sections along the sections “AA” and 
“BB” are also shown as “a” ,“b”, ”c” and “d”. Refer to Fig. 5.32 (d) for mid-span 
locations. The membrane has a suspension length of 44 µm, while the central membrane 
is a square of side 56 µm.  Each cantilever suspension is connected by a “Y” shaped 
suspension to the side support. From Fig. 5.37 (a), it is observed that the cantilever 
suspensions as well as the central membrane show a very minimum out of plane 
deflection. The low deflection in the central membrane is attributed to the rigid supports 
at both ends of the suspension. In addition to that, the cantilever suspensions do not show 
large deflections due to its short length. The cantilever suspensions have a deflection of 
0.07 µm and 0.1 µm at sections D1 and D2 respectively. The central membrane DM 
shows a deflection of 0.04 µm. The deviation in the deflection values of the cantilever 
suspensions are about 30%. The membrane is structurally sturdy due to the presence of 
multiple supports thus offering little space for development of stresses. 
c d 
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 Figure 5.37 (b) shows the membrane deflection along section “B-B”. The 
deflection characteristics are similar to that of section AA. Both the cantilever 
suspensions and the central membrane show very low deflection. There is no significant 
deviation between profiles of A-A and B-B, which shows that the structure is structurally 
well balanced. Sections D3 and D4 shows a deflection of 0.06 µm and 0.04 µm 
respectively, while the central membrane showed a deflection of 0.02 µm. Section BB 
shows low deflection values than section AA. The deviation in deflection values between 
section AA and BB is about 20%. A low variation in stress values induces a low variation 
in deflection values. By and large, the membrane is flat and the cantilever suspensions 
offer a sturdy support and do not show large deflections.  
 
5.3.2 Membrane Parameters   
               Figure 5.38 shows the mass variation of the central membrane in the four types 





























Figure 5.38 Variation of mass of the central membrane for the four types of filter designs 
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 It is a known fact that gravity and inertia will have a much smaller influence 
relative to electrostatic force and residual stress on miniaturized structures in the micro 
and nano range as compared to structures in the macro range. Also since the mass is 
proportional to volume and as per scaling law the effect of mass is negligible at micro 
scale. But from the results, it is seen that the size of the membrane does affect the release 
of stress after sacrificial layer etching. Though the deflection of the central membrane 
due to its own weight will be much smaller than deflection caused by other sources such 
as stress gradient, it is seen that effect of self weight cannot be completely ignored. In 
terms of fabrication, a larger membrane is difficult to be released off from the residual 
layer and thus attain a free standing structure with air-gap between the electrodes. In 
Fig.6, we can see that designs “C” and “D” have the least membrane mass of 7.7x10
-9
 g 




) and induces a minimum deflection of 0.04 µm 
and 0.02 µm in the respective membranes. Design “A” has the highest mass of 9.8x10
-8
 g 
with a highest deflection of 0.45 µm, but the mass however does reduce deflection of the 
supporting cantilevers. Thus an optimum ratio of cantilever length to mass of central 
membrane is required to achieve an optimum stress gradient level in the device.  
Table 5.2 shows the stress and strain gradients of different membranes for 
sections “AA” and “BB” calculated using equations (3.22) and (3.23).The self-deflection 
of the suspensions is used in the calculation. The equations suggests that the method of 
internal stress gradient measurement described in the thesis is assumed to be a simple one 
i.e. internal stress is linearly proportional to the film thickness and is a constant along the 
length of the suspension. But in reality the internal stress may vary non-linearly across 
the thickness. As can be seen, type “D” again shows the least stress gradient due to lower 
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deflection values as indicated above. The maximum deflection along “AA” and “BB” are 
also shown in Table 5.2. In general, type “A” and “B” membranes along both sections 
“AA” and “BB” show the highest membrane deflections due to induced large residual 
stresses. Likewise, type “D” membrane shows the smallest deflection due to relatively 


















Stress gradient          
( MPa/µm) 













A1 53 0.1   0.0000356   2.1737   
A2 53 0.1   0.0000356   2.1737   
A3 53   0.1   0.0000356   2.1737 
A4 53   0.075   0.0000267   1.6303 
AM 140 0.4375 0.45 0.0000223 0.0000230 1.3629 1.4019 
Type "B"               
B1 85 0.2125   0.0000294   1.7959   
B2 85 0.1375   0.0000190   1.1620   
B3 85   0.175   0.0000242   1.4790 
B4 85   0.175   0.0000242   1.4790 
BM 80 0.1625 0.175 0.0000254 0.0000273 1.5504 1.6696 
Type "C"               
C1 96.75 0.65   0.0000694   4.2400   
C2 96.75 0.5   0.0000534   3.2616   
C3 96.75   0.5   0.0000534   3.2616 
C4 96.75   0.5   0.0000534   3.2616 
CM 56.5 0.07 0.04 0.0000219 0.0000125 1.3389 0.7651 
Type "D"               
D1 44.2 0.07   0.0000358   2.1878   
D2 44.2 0.1   0.0000512   3.1254   
D3 44.2   0.06   0.0000307   1.8753 
D4 44.2   0.04   0.0000205   1.2502 
DM 56.5 0.04 0.02 0.0000125 0.0000063 0.7651 0.3826 
 
Table 5.2 Stress and strain gradients across all sections of membranes on sections “AA” and “BB” 
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Through this study, it is shown that optimum geometrical parameters for support 
cantilevers and the central membrane should be adopted to reduce the effect of residual 
stresses. MEMS based optical devices need a flat, stable and well-supported membrane. 
A device with sturdy arrangement leads to less residual stress formation. Thus the novel 
design, type “D” membrane shows high promise in terms of low deflection values and 
has more robustness than other designs discussed here. 
 
5.4  Residual stress measurement using micro-Raman spectroscopy 
 Figure 5.39 shows the Raman spectra obtained from ten excitation points on a 
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Figure 5.39 Raman spectra on structure less InP wafer 
The spectrum obtained from each point is shown in a different colour. The figure 
shows that the LO phonon from majority of the points are concentrated around 340 cm
-1
 
wave number region. The surface temperature is kept below 40 °C with a low laser power 
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excitation. In a Raman spectrum, the phonon peak shifts depends strongly on the 
temperature. Temperature rise due to local heating could affect the spectra obtained and 
so the experiment is conducted at low temperature. From the calibration results, an 
average LO phonon value of 343.56cm
-1
 is obtained for InP which will be subsequently 
used to determine the surface stresses. A sample calculation of the surface stress from a 
point on the surface of the membrane is shown in appendix B.  
 
 
5.4.1 Raman measurement on membranes 
The membrane area is divided in to several measuring points with a few 
micrometers gap between each point. From the Raman spectra obtained from each 
excitation point, the shift in LO phonon is found, and the stress values are determined 
using equation (3.24). Figure 5.40 shows the Raman excitation points on the type “A” 
membrane. There are 23 points covering the entire area of the membrane. The distance 
between the excitation points on the cantilever suspension is about 25µm, while the 
central membrane is divided into points with gaps of 70 µm and 35 µm in the X and Y 
direction respectively.  
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Figure 5.40 Raman excitation points on type “A” membrane. 
 













280 300 320 340 360 380 400



































Figure 5.41 Raman Spectra of type “A” membrane 
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Figure 5.41 shows the spectra obtained from the 23 points indicated. The 
behaviour of each point is similar. The shift is identified by comparing it with the 
calibrated results and the stress value in each point was determined from the shift. The 
shift of wave number at a point on type “A” membrane and a sample calculation of the 
stress value are shown in appendix B. The LO phonon shows a negative shift (compared 
with calibrated LO phonon value) at all points which indicates that the stresses are tensile 
on the top of the membrane layer. But the stress conditions below 90~100 nm 
(measurement range) from the top surface of the membrane cannot be measured, since 
the proposed method is insensitive beyond the measurement rage. 
Figure 5.42 shows the variation of stress pattern on type “A” membrane across 
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Figure 5.42 Variation of surface stress patterns on type “A” membrane measured 
across cross-sections “A-A” and “B-B” 
Section AA is indicated by a thick line, while section BB is indicated by a thin 
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that the corners of the device show a lower tensile stress level and increases towards the 
middle of the cantilever at position “a”, which is about 28µm from the corner. The 
corresponding point on the other supporting cantilever (section A2) indicated as point “b” 
also shows a similar behaviour. This results in stretching of the supporting cantilevers 
and the formation of an upward deflection. The points of high stress are also show 
maximum deflection. The deflection behaviour of the cantilevers is discussed in chapter 
5.3.1. Referring to Fig. 5.34 (a) which shows the profile of the membrane along section 
AA, it is clear that section A1 shows the highest deflection point corresponding to 
position “a”. The cantilever tends to deflect up due to fabrication stresses, but the upward 
deflection is restricted by the central membrane. The central membrane shows a 
relatively lower stress level when compared to the supporting cantilevers with a 
minimum stress occurring at the centre of the membrane. The reduction of stress level in 
the membrane is due to the compressive effect induced by the supporting cantilevers. The 
stress values at position “a” and “b” are 0.37 GPa and 0.31 GPa respectively. The 
deviation between these values is about 20%.  
                 Cross-section BB also shows a similar stress pattern. There is an increase in 
tensile stress along the supporting cantilevers and the maximum stress occurs at the 
centre of the cantilever suspensions. Along section BB, the centre of the membrane also 
indicates a minimum stress value. In general the stress level across section BB is similar 
to section AA though the maximum stresses at the mid-span are about 20% lower than 
that of section AA. This is due to the variation in dimensions of the cantilevers caused by 
the fabrication process. 
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 Figure 5.43 shows the Raman excitation points on the type “B” membrane. A 
total of 29 measurements points are involved covering the entire area of the membrane. 
The average distance between the excitation points on the cantilever suspension is about 
28 µm, while the central membrane is divided into points of gap of 20~25 µm. Figure 
5.44 shows the Raman spectra obtained from type “B” membrane. In Fig. 5.44, while 
some of the points show a low intensity, the majority of the points indicate good signal. 
The LO phonon shows a negative shift at all points which indicates that the stresses in the 
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Figure 5.45 Variation of surface stress patterns on type “B” membrane measured 
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Figure 5.45 shows the variation of stress pattern on type “B” membrane across 
sections “AA” and “BB”. Section AA is indicated by a thick line, while section BB is 
indicated by a thin line. Similar to the square membrane (Type “A”), this membrane also 
has predominantly tensile stresses. From Fig. 5.45, considering section AA, it is observed 
that the corners of the device show a lower tensile stress level and increases towards the 
middle of the cantilever at position “a”, which is about 40µm from the corner. The 
corresponding point on the other supporting cantilever (section B2) indicated as point “b” 
also shows a similar behaviour. It is observed that the stress variation is not uniform and 
the right corner of the device shows compressive stresses. The centre of the membrane 
experiences a lower stress level. The stress values in this membrane vary from a 
compressive 0.05 GPa at the tip of the cantilever to a maximum tensile stress of 0.45 GPa. 
The stress distribution in section B-B is also shown in Fig. 5.45. Stress pattern 
across both sections show comparable characteristics. The stress level is low at the 
corners and increases towards the mid-span of the cantilever suspension (points “c” and 
“d”). The central membrane shows a lower stress level at its center. There is a deviation 
in the stress levels in the supporting cantilever suspensions of section BB. Comparing 
sections AA and BB, a deviation of 30% is observed between the maximum stress values. 
The reason for the discrepancy is due to non-uniform stress gradients and the boundary 
conditions of the beam. The boundary condition of the cantilever controls the slope of the 
cantilever deformation at its base which in turn influences the residual stress gradient 
formed in the cantilever suspension. This signifies that a high stress gradient can cause 
significant out-of-plane deflection of the cantilever while the average stress through the 
thickness of the cantilever is zero [156].  
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Figure 5.46 shows the Raman excitation points on the type “C” membrane. A 
total of 25 measurements points are carried out on the membrane. The average distance 
between the excitation points on the cantilever suspension is about 24 µm, while the 
central membrane is divided into points of 20 µm interval in both the X and Y directions. 
Figure 5.47 shows the Raman spectra obtained from type “C” membrane. Excitation 
points 1 and 3 indicated by bluish grey and orange contours respectively show a low 
intensity signal while other points show a good intensity signal. From the calculations, it 
is found that the stresses in the membrane is tensile, with the LO phonon showing a 
negative shift at all points.   
 
 
Figure 5.46 Raman excitation points on type “C” membrane 
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Figure 5.48 Variation of surface stress patterns on type “C” membrane measured 
across cross-sections “A-A” and “B-B” 
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         Figure 5.48 shows the stress variation found in type “C” membrane. The 
thick and thin lines indicate stress pattern calculated along sections AA and BB 
respectively. Considering section AA, it is observed that the stress values are lower at the 
corners of the device and it increases towards the centre of the membrane. Also the 
central membrane shows a higher stress value than the cantilever supports which is in 
contrast to the earlier designs discussed. It shows a deviation in stress values between its 
corners. The uneven stress values prevalent in both the supporting cantilever suspensions 
induce a corner force on the central membrane. This leads to different stress values in the 
corners of the membrane. In general high stress levels are prevalent in both the central 
membrane and cantilever suspensions. The structural arrangement of the membrane is not 
rigid which leads to uneven stress pattern. 
Along BB the stress pattern is similar in behaviour to section AA. The stress 
value increases along the cantilever suspensions, with a high stress value at its end. The 
central membrane shows a higher stress value than the corners of the cantilever 
suspensions. It also experiences variation in stress levels at its supporting ends, which is 
similar to section AA. Section AA and BB do not show significant variation in stress 
value except at the central membrane. The deviation in stress levels are attributed to the 
structure of the membrane. A weak central membrane and longer cantilever suspensions 
exhibit larger stress values across the membrane. Both the cross-sections depict a lower 
stress value in the corner of the central membrane. The presence of non-uniform stress 
level in the membrane shows that the device is not structurally stable. 
Fig. 5.49 shows the Raman excitation points on the type “D” membrane. A total 
of 33 measurements points covered the entire area of the membrane. The average  
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distance between the excitation points on the cantilever suspension is about 22 µm, while 
the central membrane is divided into points of 20 µm interval in both the X and Y 
directions. Figure 5.50 shows the Raman spectra obtained from type “D” membrane. The 
figure shows the spectrum obtained from 33 points indicated by different colours. The 
spectra show clear LO and TO phonons. Points 1 and 3 indicated by bluish grey and 
orange colour contours respectively have a very good intensity signal, while the majority 
of the spectra are at a lower intensity level. There is no abnormality or noises due to 






Figure 5.49 Raman excitation points on type “D” membrane 
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Figure 5.50 Raman Spectra of type “D” membrane 
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Figure 5.51 Variation of surface stress patterns on type “D” membrane measured 
across cross-sections “A-A” and “B-B” 
a  c 
b   d 
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Considering section AA, it is observed that stress value decreases along the 
cantilever suspension to a minimum value at its mid-span indicated by points “a” and “b”. 
Further on, the stress levels increases towards the central membrane. The cantilever 
suspensions are held rigidly at both ends. The rigid ends impose a compressive effect on 
the cantilever suspensions, which results in a lower stress level at its middle positions. 
The central membrane also shows a lower stress level at its centre. Point b shows a higher 
stress level than point a, though both are at the mid-span of the cantilever suspension. 
The deviation in stress gradients in the support cantilevers connected to the base and the 
variations in boundary condition causes the irregularity in stress pattern. However, this 
design shows much lower stress levels in both the membrane and cantilever suspensions 
than other designs discussed in this work. 
Stress values along cross-section B-B show similar characteristics to that of 
section A-A. There is no significant deviation in stress values in section AA and BB. 
Points c and d depict the location of stress values which occurs at the mid-span of the 
cantilever suspensions. The centre of the membrane experiences a low stress value, while 
the suspensions show variation in stress value at its mid-span (Points c and d). The 
variation in stiffness of the multiple supports results in formation of uneven stresses. It is 
seen that the cantilever suspensions in the lower half of the membrane has a higher stress 
value than the upper half. Apart from the discrepancies discussed earlier, the dimensional 
deviations also can cause a change in stiffness of the structure which results in variation 
in stress gradient [154]. However, the membrane shows an orderly formation of stress 
values across both the cantilever suspensions and central membrane.  
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The average stress level in the central membrane area vary from 0.24 GPa for 
type “A” to 0.03 GPa for type “D”, a reduction of nearly 8 times in the stress level. From 
the above results, type “D” type filter has the least stress value at the central membrane 
among the four designs. This low stress level leads to smaller deflection and stress 
gradient in the supporting cantilever. Hence, type “D” membrane appears to be a suitable 
optical element for WDM applications. 
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This thesis focuses on the successful fabrication and characterizing of InP based 
MEMS structures. The important mechanical properties of the InP MEMS structures are 
identified through experimental means. While nanoindentation is used to identify the 
important material properties, profile measurement and surface stress measurement are 
used to study the stress pattern and its effect on deformation. The effect of geometrical 
configuration on residual stresses of four types of membranes is also discussed. Based on 
the stress and deflection patterns, a novel design of membrane which can be incorporated 
in WDM applications is identified. 
An analysis of wet etching process is carried out and important parameters of the 
fabrication process are optimized. It is shown that an etching time of 28 mins which 
increases the yield is more suitable to achieve a fully released cantilever and membrane 
structures. In addition other factors such as acid concentration, room etchant temperatures, 
cleaning and drying processes also form a crucial role in the fabrication.  
Beam bending test using a spherical indenter is successfully used to determine 
material properties including the Young’s modulus. The results from the bending tests 
proved that the structure would get stiffer with increase in holding time. Static and 
dynamic (CSM) nanoindentation tests are also carried out on substrate to evaluate the 
Young’s modulus and hardness. Young’s modulus of InP is given as 97.1 GPa measured 
by the static method, 90.1 GPa and 90.8 GPa measured by the dynamic method and 80.1 
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GPa and 83.4GPa calculated using the bending tests respectively. The data obtained from 
different methods appear consistent. 
White light interferometry is used to measure the curvature of the membranes. It 
is found that optimized fabrication techniques and proper geometric design is essential to 
minimize membrane deflection. The central membrane distortion can be kept to a 
minimum for a small membrane diameter, which would also have an added advantage of 
low actuation voltage. Large membrane diameters should be avoided to prevent excessive 
distortion. Cantilever beams supporting the membrane also has to be kept short to avoid 
excessive deflections due to large stresses. However this would be at the expense of the 
tuning range of the filter.  
Residual stresses on fabricated InP membranes are also investigated using micro-
Raman spectroscopy. The results confirmed that the geometries and dimensions of a 
structure play a significant role in setting the stress levels. The average stress level in the 
central membrane area vary from 0.24 GPa for type “A” membrane to 0.03 GPa for type 
“D” membrane, a reduction of nearly 8 times in the stress level. Also comparing the 
deflection of the central membrane, type “A” membrane shows a deflection of 0.43 µm 
and 0.45 µm along cross-section AA and BB respectively, while type “D” membrane 
shows only 0.04 µm and 0.02 µm in the respective cross-sections. Comparing the results 
from the four types of membranes fabricated, type “D” design appears to be better than 
the rest. The membrane is structurally sturdy with low membrane stresses. The low stress 
level leads to smaller cantilever deflection and stress gradient in the supporting structure, 
which is highly important in terms of the device dynamics.  
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It can be concluded that type “D” design shows a good potential to be used as a 
MEMS optical filter in WDM applications. In conclusion, this thesis has contributed 
towards understanding the fundamental properties and behaviour of InP based devices.   
 
6.2 Recommendations 
It is recommended that future work can be carried out to improve the reliability of 
the micro-devices. Specifically, the following problems can be further investigated. 
1. Experiments can be carried out on different InP specimens such as beams with both  
 ends fixed to study further the bending properties.  
2. Micro-Raman experiments could be carried out using different wavelength laser  
 sources to study the residual stresses at various depths in the InP layer. This study  
 could reveal the stress gradients at various depths of the InP layer and possibly  
 address the lattice match of InGaAs with InP. 
3. The membranes could be tested electrostatically to study the voltage-deflection  
 properties and understand the tuning characteristics of each type of filter. A study on  
effects of dimensions can also be conducted. 
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Africa 933,448,292 14.2 % 33,334,800 3.6 % 3.0 % 638.4% 
Asia 3,712,527,624 56.5 % 398,709,065 10.7 % 35.8% 248.8% 
Europe 809,624,686 12.3 % 314,792,225 38.9 % 28.3% 199.5 % 
Middle East 193,452,727 2.9 % 19,424,700 10.0 % 1.7 % 491.4 % 
North America 334,538,018 5.1 % 233,188,086 69.7 % 20.9% 115.7 % 
Latin 
America/Caribbean 
556,606,627 8.5 % 96,386,009 17.3 % 8.7 % 433.4 % 
Oceania / Australia 34,468,443 0.5 % 18,439,541 53.5 % 1.7 % 142.0 % 
WORLD TOTAL 6,574,666,417 100 % 1,114,274,426 16.9 % 100% 208.7 % 
 
Figure A2. World population statistics and internet usage 
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Appendix B 
 
1. Optimization of wet etching process 
 
This appendix shows the SEM and zygo interferometry plots of InP micro cantilevers and 
membranes at different wet etching times (15, 20 and 28 minutes).  
Figure B1 shows the cantilever structures fabricated at etching time 15 minutes. 
   
 
                           (a)                                         (b)                                      (c) 
 
   
 
                   (d)                                             (e)                                            (f) 
Figure B1. Cantilever structures fabricated at an etching time of 15 minutes (a) and (b) Free standing 
cantilevers, (c) (d) (e) and (f) Collapsed beams 
 
Figure B2 shows the 3D plots of cantilevers at an etching time of 15 minutes measured 
using a zygo interferometer.  
   
                          (a)                                                     (b)                                                   (c) 
Figure B2. Zygo plots of cantilever structures fabricated at an etching time of 15 minutes (a), (b) and (c) 
Collapsed beams 
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Figure B3 shows the 3D plots of membranes at an etching time of 15 minutes measured 
using a zygo interferometer. 
    
                 (a)                              (b)                             (c)                              (d) 
 
Figure B3. Zygo interferometry plots of InP membranes at an etching time of 15 mins (a) Type “A”  
(b) Type “B” (c) Type “C” (d) Type “D” 
 
Figure B4 shows the SEM and the interferometric images of cantilevers at an etching 
time of 28 minutes. 
  
 
                                         (a)                                                     (b) 
 
  
                                        (c)                                                      (d) 
 
Figure B4 (a) and (b) SEM images of free standing cantilevers at an etching time of 28 mins 
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Figure B5 shows the load-displacement curves obtained at three loading points on 













































































Figure B5. Load –displacement curves obtained through nanoindentation on silicon substrate at a load of 
300mN (a) point-1 (b) Point-2 and (c) Point-3 
 
 
Table B1 shows the Young’s modulus and hardness values calculated at four different 
points on silicon substrate using the static nanoindentation experiment. 
Test 
Modulus At Max 
Load 
Hardness At Max 
Load 
Displacement at 
Max Load Load 
 GPa GPa nm mN 
1 178.28 12.51 1224.97 301.50 
2 171.54 12.59 1239.90 305.90 
3 181.74 12.08 1234.83 302.06 
4 182.72 12.09 1234.23 302.35 
Mean 178.57 12.32 1233.48 302.95 
Std. Dev. 5.06 0.27 6.22 1.997 
% COV 2.83 2.19 0.5 0.66 
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Sapphire substrate  
 
Figure B6 shows the load-displacement curves obtained at three loading points on 
















































































Figure B6. Load –displacement curves obtained through nanoindentation on sapphire substrate at a load of 
300mN (a) point-1 (b) Point-2 and (c) Point-3 
 
 
Table B2 shows the Young’s modulus and hardness calculated at four different points on 




Modulus At Max 
Load 
Hardness At Max 
Load 
Displacement 
at Max Load Load  
 GPa GPa nm mN 
1 438.56 27.23 841.50 302.85 
2 427.63 31.07 817.62 304.97 
3 433.56 27.39 841.02 302.49 
4 424.83 27.84 840.36 302.84 
Mean 431.15 28.38 835.13 303.28 
Std. Dev. 6.14 1.81 11.68 1.13 
% COV 1.42 6.37 1.4 0.37 
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InP n-doped layer( Berkovich intender tip) 
 
Figure B7 (a) and (b) shows the load-displacement curves measured using a Berkovich 


















































Figure B7 Load-displacement curves obtained using Berkovich tip on InP n-doped layer at load (a) 1 mN (b) 
2 mN 
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3. Sample calculation of Young’s modulus and hardness (Analytical) from  
    Nanoindentation experiment 
 
Berkovich tip 
Load, maxP = 2 mN (Point-1) 
The maximum displacement into the substrate,h  = 126.82 nm. 
Maximum contact stiffness before unloading, )( dhdP  = 0.0551 mN/nm (Equipment 
result). The equipment result is computed by the nanoindenter using equations explained 
in chapter 3 (section 3.2.2). The equipment is programmed to compute the unloading 
stiffness value at the starting of the unloading cycle. 
The contact depth ch  is given by 
)(max dFdhPhhc ε−= , where ε is the tip factor (Berkovich tip, ε = 0.75) 
     =126.82-0.75 x 2 x 0.0551 
 
=ch 99.26 nm 
 
Contact area (A) of a Berkovich tip is given by 
2
24 chA = (Perfect Berkovich tip) 
    = 24 x 99.26 x 99.26 
    = 236462.68 nm
2
 




































where E is the Young’s modulus and υ  is the Poisson’s ratio, and the subscripts s and i 
denote the specimen and indenter respectively, the Young’s modulus of specimen can be 
calculated. The indenter material is usually diamond which has a Young’s modulus of 






















       = 80.36 GPa. 
An average Young’s modulus is calculated for each load. 
Hardness (H) is computed from the equation 
A
P
H =                
where P  is the load and A is the contact area. 
Thus, 




     = 8.55 GPa. 
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Table B3 shows the experimental and analytical Young’s modulus and hardness values 
calculated at loads of 1 mN, 2 mN, 5 mN and 10 mN using the Berkovich tip. 
 




























Analytical      
Mean 
Hardness 
mN   GPa  GPa nm mN/nm GPa GPa GPa GPa 
1 103.68 7.93 84.60 0.0448 
2 108.35 7.24 86.46 0.0487 
3 86.63 7.85 88.01 0.0382 
4 Data not available  
5 98.15 7.93 84.96 0.0424 
6 84.34 7.53 89.14 0.0379 
1 
7 96.86 7.88 85.53 0.0421 
87.91 96.33 7.72 8.94 
1 87.15 7.55 126.43 0.0550 
2 100.17 7.29 124.50 0.0636 
3 98.97 6.91 126.88 0.0646 
4 97.50 7.07 126.37 0.0630 
  Data not available   
6 104.24 7.34 125.52 0.0601 
2 
  Data not available   
86.45 97.60 7.23 8.12 
1 106.91 6.16 208.54 0.1159 
2 93.97 6.48 208.95 0.1005 
3 100.65 6.32 208.72 0.1085 
4 103.47 6.41 206.62 0.1103 
5 93.39 7.02 203.70 0.0959 
6 88.83 6.74 208.26 0.0936 
5 
7 89.74 5.64 220.51 0.1032 
86.07 96.71 6.39 6.95 
1 91.21 6.53 297.70 0.137 
2 94.53 6.19 301.33 0.1461 
3 99.12 6.12 300.33 0.1535 
4 96.47 6.14 301.05 0.1494 
5 98.11 5.96 303.54 0.1541 
6 97.86 5.58 310.63 0.1588 
10 
7 106.87 5.34 312.07 0.1759 
86.28 97.74 5.98 6.40 
 Mean Value 86.68 97.10 6.83 7.60 
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Spherical intender tip  
Since the tip has a spherical profile, the equation for contact area differs from that 
of the Berkovich tip. The contact area of a spherical tip is given by 
2
chA π= , where ch is the contact depth.  
Using the above mentioned sample calculation, the Young’s modulus and hardness 
values can be calculated. 
Table B4 shows the analytical values of Young’s modulus and hardness calculated from 



















mN   mN mN mN/nm GPa GPa 
1 31.18 2.02 0.11 
2 
2 48.01 2.02 0.10 
86.90 2.81 
1 62.81 5.03 0.15 
5 
2 55.90 5.03 0.16 
102.36 4.65 
1 95.96 10.03 0.23 
10 
2 96.09 10.04 0.24 
113.95 5.01 
  Mean Values 101.06 4.16 
 




4. CSM tests 
 
Silicon and Sapphire substrate 
 
CSM technique based dynamic nanoindentation is carried out on silicon and 
sapphire substrate at different locations. Table B5 shows the Young’s modulus and 
hardness values of silicon and sapphire substrate calculated at four indentation locations 
for a displacement range of 200 nm~900 nm. 
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 GPa GPa GPa GPa 
1 179.80  13.09 175.36 12.43 
2 180.87 12.76 187.79 11.94 
3 180.58 13.03 175.64 12.47 
4 183.17 12.80 186.14 11.71 


















 GPa GPa GPa GPa 
1 470.69 30.57 424.50 27.52 
2 454.11 30.57 421.86 26.74 
3 464.75 30.75 416.46 26.96 
4 450.64 30.12 425.69 26.00 
Mean 460.09 30.75 422.13 26.81 
 
(b) 
Table B5 Young’s modulus and hardness values calculated using the CSM technique (a) silicon (b) 
sapphire 
 
InP n-doped layer 
 
Table B6 shows the Young’s modulus and hardness values of InP n-doped layer 
calculated at four indentation locations for a displacement range of 100 nm~200 nm. 
 














 GPa GPa GPa GPa 
1 89.52 6.30 97.40 5.67 
2 88.91 6.23 90.53 5.58 
3 91.93 6.71 84.40 6.17 
Mean 90.12 6.41 90.78 5.81 
Std. 
Dev. 1.598 0.258 6.505 0.315 
% COV 1.77 4.02 7.17 5.42 
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5. 2D plot of InP membranes obtained using Veeco interferometric profiler 
 
Figures B8 to B11 (a~d) shows the cross-sectional profile of four types of InP 
membranes measured along the diagonal as well as the axes using the conventional 
Veeco profiler. By measuring the distance from substrate to the top membrane, it is seen 
that membranes are released. 
 
 
a. Type “A” membrane 
  
                   (a)                                                                      (b) 
 
        
 
                   (c)                                                                      (d) 
Figure B8 Cross-sectional profile of Type “A” InP membrane measured using the Veeco profiler (a) and (b) 









b. Type “B” membrane 
 
                   (a)                                                                      (b) 
          
                   (c)                                                                      (d) 
Figure B9 Cross-sectional profile of Type “B” InP membrane measured using the Veeco profiler (a) and (b) 
diagonal measurement (c) and (d) Axial measurement  
 
 
c. Type “C” membrane 
 
                   (a)                                                                      (b) 
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                   (c)                                                                      (d) 
Figure B10 Cross-sectional profile of Type “C” InP membrane measured using the Veeco profiler (a) and 
(b) diagonal measurement (c) and (d) Axial measurement  
 
d. Type “D” membrane 
 
 
                   (a)                                                                      (b) 
      
                   (c)                                                                      (d) 
Figure B11 Cross-sectional profile of Type “D” InP membrane measured using the Veeco profiler (a) and 
(b) diagonal measurement (c) and (d) Axial measurement  
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6. Micro-Raman spectroscopy  
 
Sample calculation for surface stress: Type “A” membrane 
 
Location: Point 12 at the center of the membrane 
Figure B12 shows the Raman spectrum obtained at point-12 on type “A” membrane. 
From the spectra the LO phonon is identified as 342.462 cm
-1
. Refer to Fig. 5.41 for the 
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Figure B12. Raman spectrum at point 12 in type “A” membrane. 
 
The calibrated LO phonon value of stress free InP is 343.5492 cm
-1
. The shift from the 
calibrated LO phonon value is 
342.462-343.5492 = -1.0872 (Negative shift indicates tensile stress). 
As explained in chapter three, the stress ( )σ on a surface can be estimated from the 
relation 
RLO K/ωσ ∆=  
where, 
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 for InP).  
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